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To reduce greenhouse gasses and improve air quality it is imperative that the US and other 
leading countries increasingly add renewable energy to their energy portfolio. Replacing fossil 
fuel combustion for transportation applications and hydrogen generation with polymer 
electrolyte membrane (PEM) fuel cells and electrolyzers would have a substantial environmental 
impact.    Extended surface catalysts are a promising alternative to state- of the art catalysts used 
in these devices. Extended surface PtNi catalysts derived by spontaneous galvanic displacement 
(SGD) using Ni nanowire templates have demonstrated high activity towards the oxygen 
reduction reaction at the cathode of a PEM fuel cell and showed improved durability relative to 
the state-of-the-art Pt-based nanoparticles. Similarly, extended surface IrNi and IrCo catalysts 
derived from Ni and Co nanowires showed great promise as effective catalysts for oxygen 
evolution reaction in PEM electrolyzers.  The goal of this work is to understand the effect of 
extended surface PtNi catalyst composition, structure and morphology on catalytic activity and 
durability.  To this end, as received and post- modified catalysts were studied using an extensive 
set of spectroscopy and microscopy methods, including X-ray photon spectroscopy (XPS), 
energy dispersive x-ray spectroscopy (EDS) via transmission electron spectroscopy (TEM), x-
ray absorption near edge structure (XANES) and extended x-ray absorption fine structure 
(EXAFS) spectroscopies, and transmission x-ray microscopy (TXM).  
 For the PtNi catalyst, it was found that at low Pt loadings the SGD synthesis does not result 
in an extended Pt surface, instead Pt nanoparticles are formed.  Post-synthesis annealing in a 
hydrogen environment resulted in the formation of a homogeneous extended surface and a boost 
in specific activity due to PtNi alloying. Further, the ability of various acid treatments to 
effectively remove bulk Ni, and equally important, their effect on the Pt and Ni surface 
 
iv 
speciation, wire integrity, and PtNi alloy were analyzed. It was determined that weaker acids did 
not remove enough Ni and thus had negligible effect on durability while harsher treatments were 
effective at removing bulk Ni, but resulted in dealloying, disintegration of the nanowires, and 
loss of activity. Post-treatment with 0.1M nitric acid resulted in removal of Ni from the bulk of 
the nanowires while leaving the PtNi alloy more in-tact, resulting in optimum balance between 
activity and durability. Annealing in oxygen was found to generate a protective surface layer 
therefore mitigating Ni leaching and further improving durability.  
  Based on the success of PtNi nanowires as effective ORR catalysts, IrNi and IrCo 
nanowires were studied as catalysts for OER. The IrNi and IrCo nanowires with extended 
surfaces demonstrated high activity and durability relative to the state-of-the-art IrO2 
nanoparticles. An extensive XPS characterization, in conjunction with microscopy analysis was 
used to determine surface composition of as-received and acid-treated materials, both as a 
function of Ir displacement. In addition to valuable information regarding potential active species, 
this work reports detailed deconvolution of XPS spectra, which will be valuable for applications 
of Ir-based materials beyond electrolysis.   
When incorporated into an electrode the overall catalyst layer structure affects performance of 
the catalyst, and in particular, the extent of wire to wire contact, wire distribution, and void space 
are thought to be important. Transmission X-ray microscopy was used for 2D and 3D 
visualization of nanowire-based extended surface catalysts within the catalyst layer, providing 
unprecedented structural details complementary to those obtained with electron microscopy 
techniques. Methodology developed in this work is applicable to future studies of PEM fuel cells 
and electrolyzers.  
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CHAPTER 1  
INTRODUCTION 
 
1.1 Background and Motivation 
Fuel cells convert chemical energy directly into electrical energy with minimal 
environmental impact and high efficiency relative to conventional technologies1. There are 
several types of fuel cells but all contain an anode, cathode, and electrolyte for ion transport. 
Fuel cells vary widely in electrolyte, operating temperature, fuel, output wattage, carbon 
monoxide tolerance, and sulfur tolerance making different fuel cells relevant for different 
applications1, 2.  
Typically fuel cells are classified based on their electrolyte. Table 1.1 provides a 
summary of major fuel cell types. Phosphoric acid fuel cells (PAFC) utilize liquid phosphoric 
acid in a silicon carbide matrix as an electrolyte, run at moderate temperatures, and are suitable 
for stationary power generation3. Alkaline fuel cells (AFC) use potassium hydroxide as the 
electrolyte. AFCs are the most efficient fuel cell type and have been successfully used in space 
shuttles but the corrosive electrolyte shortens the fuel cell life span and the requirement for ultra-
pure gasses has impeded their development for commercial use4. Molten carbonate fuel cells 
(MCFC) have a molten carbonate salt in a ceramic matrix electrolyte. Their large output capacity, 
high operating temperature, and non-precious metal catalyst make MCFCs applicable for large 
stationary power generation5. Solid oxide fuel cells (SOFCs) utilize a solid ceramic electrolyte, 
such as zirconium oxide, electrolyte. Similarly to MCFCs, they operate at high temperatures; 
therefore, do not require a precious metal catalyst and are applicable for large stationary power 
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generation6. Polymer electrolyte membrane fuel cells (PEMFCs) function at lower operating 
temperatures as they have polymer electrolyte membrane in direct contact with an anode and a 
cathode  (figure 1).  
 
Figure 1.1 Simplified schematic of low temperature polymer electrolyte fuel cell. 
 
Proton exchange membrane fuell cells (PEMFCs) are a subset of polymer electrolyte 
membrane fuel cells (PEMFCs)  in which hydrogen is oxidized at the anode generating protons 




The protons move across the membrane while the electrons move through an external circuit and 
recombine with the protons and reduce oxygen generating water and waste heat as described by 
the oxygen reduction reaction, or ORR (
!
!




→ �!� + ℎ���).  Together the 
cathode, anode, electrolyte membrane, and gas diffusion layers (GDL) form the membrane 
electrode assembly (MEA). Multiple MEAs are combined into a fuel cell stack to generate the 
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required power.  Proton exchange membrane fuel cells (PEMFC) have a high power to weight 
ratio making them a promising alternative for transportation applications7, 8.  
PEMFCs use a solid acidic polymer electrolyte typically consisting of 
perfluorocarbonsulfonic acid based ionomers that move protons across the membrane largely 
through Grotthuss shuttling9, 10. They are generally fueled by hydrogen and Pt-based materials 
catalyze the HOR and OOR reaction at the anode and cathode, respectively.  
Direct methanol fuel cells (DMFC) are essentially a type of proton exchange membrane 
fuel cells where liquid methanol is used as a fuel. The methanol is dissolved in water at the 
anode drawing out the hydrogen. These fuel cells have only modest output and are being 
developed mainly for use in portable electronic devices and operation of forklifts, which are easy 
to use with replacemnet methanol cartridges11.  
 
Table 1.1 Summary of fuel cell types 
 
Electrolyte Fuel Catalyst 
Operating 









methanol Pt-Ru/Pt 60- 130 1 W - 1kW 







600 - 700 1 – 2 MW 
SOFC ceramic hydrocarbons 
non-precious 
metal 









The work herein focuses on proton exchange membrane fuel cells for transportation 
applications. Replacing combustion engines vehicles with fuel cell vehicles (FCV) that emit only 
water as waste would allow to reduce greenhouse gases and irritating particulates, and 
importantly eliminate dependence on foreign oil. The technology is well proven with several 
major car manufacturers producing FCVs, including Honda, Hyundai, and Toyota, all of which 
use PEMFCs12. However, FCVs in US are limited to the few areas where hydrogen fueling 
stations exist, mainly in California. Currently a FCV costs $55,000, at a minimum with an 
expected lifetime of only 75,000 miles, about half of the expected lifetime for combustion 
engines. A significant reduction in cost to approximately $30,000 and improved durability is 
necessary for FCVs to become widespread commercially viable and to motivate the development 
of hydrogen infrastructure. Based on 2016 costs for PEMFC components, if 500,000 FCVs were 
manufactured per year, the Pt catalyst would account for over 40% of the fuel cell cost13. Further, 
the poor durability of catalyst contributes significantly to the overall durability issues of the fuel 
cell. Reducing the cost of the catalyst by reducing the amount of Pt required and improving 
catalyst durability is essential for widespread FCV commercialization.  
 
1.2 Catalysts for the Oxygen Reduction Reaction 
Pt-based nanoparticles on high surface area carbon (Pt/HSC) is the current state of the art 
catalyst for PEMFCs. Figures 1.2 and 1.3 show Balandin’s volcano plots for ORR activity as a 
function of oxygen binding energy on transition metals14 and the HOR activity as a function of 
hydrogen adsorption strength,15 respectively. The efficacy of a heterogeneous catalyst, according 
to Sabatier’s principle16, is dependent on the binding strength of the adsorbate to the catalyst 
surface. If binding is too weak only limited adsorbate will bind and remain bound long enough to 
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proceed through the reaction. If binding is too strong, the product will not be released and the 
surface will quickly be saturated with reactant, intermediates and products and the reaction will 
proceed slowly or stop alltogether17.  It is apparent from both plots that Pt is the most active 
metal for the ORR and HOR reactions, although the kinetics of the two reactions differ 
significantly. The hydrogen oxidation reaction at the PEMFC anode is highly efficient, to the 
extent that voltage losses at the anode are negligible even with low Pt loadings. In contrast, the 
ORR at the cathode is inefficient and alone responsible for over 50% of the cell voltage loss18, 19. 
The reaction at the cathode selective for H2O generation proceeds through a four-electron 
pathway (equation 1) where adsorbed oxygen and adsorbed hydroxyl are key reaction 
intermediates: 
 
Four Electron Pathway         (Equation 1) 
O
2


























 Figure 1.3 HOR activity as a function of hydrogen adsorption strength. 
 
Figure 1.4 plots the ORR activity as a function of oxygen and hydroxyl binding energy for 
transition metal catalysts demonstrating that the Pt-O and Pt-OH bond strength is directly 
correlated to its activity14. Regardless of its optimum activity for the ORR, Pt is cost prohibitive. 
Carbon-supported nanoparticles, as opposed to bulk Pt, provide high surface area and so 
inherently high mass activity (activity mgPt
-1), but there is an intrinsic benefit to the bulk 
materials as they have higher specific activities (activity/ cm2Pt). Further, Pt nanoparticles are 
prone to performance losses from dissolution, Oswald ripening, aggregation, and detachment 
from the carbon support due to corrosion of the support20, 21. With current Pt loadings, Pt/HSC 
catalysts fail to meet 2020 Department of Energy (DOE) targets for both performance and cost of 
0.44 A/mgPt and $14/kW





Figure 1.4 Oxygen reduction activity plotted as a function of both the O and the OH binding 
energy (Reprinted with permission from Journal of Physical Chemistry B 2004, 108 (46), 17886-
17892. Copyright 2004 American Chemical Society.). 
 
There are several approaches being pursued to reduce or eliminate the amount of Pt 
required including alloying Pt to transition metals, generating catalysts with core shell structures 
and extended surfaces,  synthesizing nanomaterials with more active facets,  and developing 
platinum-free catalysts, as detailed below.  
 
1.2.1 Bimetallic Nanostructures 
 Pt-M (M=Cu, Ni, Co, Pd, Au, Ag, Fe, W) nanostructures synthesized with a wide array of 
compositions, size, and shape, such as M3Pt nanocrystals and core shell structures, have 
improved ORR activity compared to Pt nanoparticles23-27 . DFT studies and experimental work 
has found that the addition of the second metal induces a local charge transfer between the two 
metals altering the Pt d-band structure. The second metal can also induce long range geometric 
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strain either compressing or expanding the Pt lattice. Both effects reduce the binding strength of 
oxygen species on the Pt surface to a more optimum level increasing the activity28 with Co, Fe, 
and Ni bimetallic Pt catalysts having the largest gains in activity. Regardless of the initial activity 
gains, maintaining high activity has proven challenging as the non-Pt metal is prone to leaching 
or dissolution at the applied voltages and acidic pH of a working fuel cell. Non-Pt metal 
dissolution not only results in poor durability from loss of intrinsic catalyst activity, from alloy 
removal, but also contaminates other MEA components further degrading MEA performance. 
One promising solution is the development of core shell structures (figure 1.5), a prevalent focus 
in the fuel cell catalyst research community. Core shell nanoparticles consist of a non-Pt metal 
core surrounded by a thin Pt shell. The Pt shell to some extent protects the non-Pt core mitigating 
metal leaching improving catalyst durability, although they do suffer from the same performance 
losses as Pt-nanoparticles including dissolution, Oswald ripening, aggregation, and detachment 
from the carbon support.  
 
 






1.2.2 Extended Surface Pt-based Catalysts 
Extended surface Pt catalyst are similar to core shell structures in that a thin Pt shell 
surrounds a non-Pt core, but unlike core shell structures, the overall catalyst structure is extended 
in one direction, see figure 1.5. The core is typically metal such as Co or Ni but there are 
extended surface catalysts with soft cores, most notably 3M’s nanostructured thin films, or 
NSTFs – the initial extended surface Pt-based catalyst for the ORR.  
In 1982 3M found serendipitously that the organic molecule pigment red 149 (figure 1.6) 
deposited as a film would undergo a distinct phase transition into a well-ordered whisker 
structure when heated above 250°C. In 1995 3M began coating the whiskers, via vacuum 
sputtering, with Pt and Pt-M alloys to generate PEMFC catalysts. They found that the extended 
Pt surface maintained high specific activity, 5-10 fold increase, and had improved durability 
relative to Pt nanoparticles. Also important, their synthesis process and laminating transfer 
process to coat membranes with the catalyst for MEAs are both highly scalable. The NSTFs do 
have one predominant challenge, the catalysts have a low electrochemical surface area (ECSA), 
around 10m2/g and hence low mass activity8, 29, 30. In contract, high surface area carbon 
supported Pt nanoparticles have ECSAs around 80 m2/g.  
 
 
Figure 1.6 Pigment red 149 
 
The demonstrated gains in specific activity and durability intrinsic to the extended 
surface of NSTFs has motivated ongoing research in the field to develop extended surface 
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catalysts with improved surface areas, including nanowire31-36 and dendrite37, 38 structures. The 
improved durability of these materials is largely due to significantly reduced susceptibility to 
dissolution and agglomeration30, 39. With all fuel cell catalysts, the goal is to optimize both mass 
and specific activity, where mass activity is a measure of how well all available Pt is being 
utilized and specific activity is a measure of the activity intrinsic to the chemical, electronic, and 
physical properties of the catalyst. Extended surface Pt catalysts are a promising means to that 
end.  
Porous Pt nanotubes 60 nm in diameter and 5-20 μm in length sysnthesized via 
spontaneous galvanic displacemnt (SGD) of silver nanowires were compared, experimentally, to 
Pt nanoparticles supported on carbon and bulk crystalline Pt for specific activity, mass activity, 
and durability40. The nanotubes had a lower electrochemical surface area (ESCA) than the 
nanoparticles, 23.9 m2/g and 70.4 m2/g respectively, but higher activity. Initially, the Pt 
nanotubes had specific activities 3.7 times higher than the Pt nanoparticles at 368 μA/cm2, but 
only slightly higher mass activities at 88 mA/mg. After 30,000 cycles in a RDE, the specific 
activity of the Pt nanotubes increased over 30% and mass activity was maintained, due to Ag 
removal remaining from synthesis, while the nanoparticle mass and specific activities decreased. 
PtCu nanowires, also synthesized via SGD, had moderately higher specific activity than the 
nanotubes described above while also being more cost effective, but suffered from low ECSA 
(5.5 m2/g) and so were not further pursued41.  
PtCo and PtNi nanowires 200-300 nm in diameter and 100-200 μm in length, also 
synthesized via SGD, demonstrated significant gains in specific activity relative to Pt nanotubes, 
PtCu nanowires, and Pt nanoparticles. The extent of template displacement with Pt was 
systemiatically varied so that catalysts with increasing weight percent Pt could be explored. PtCo 
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nanowires were found to have specific activities greater than 2500 μA/cm2 even at low Pt weight 
percents, but suffered from low ECSA at 29.1 m2/g and consequently low mass activity. 
Transmission electron microscopy (TEM ) imaging after durability testing showed almost 
complete leaching of cobalt and void formation in the Pt shell31. In contrast, PtNi nanowires had 
excetpionaly high ECSA at 90 m2/g at low Pt displacement, but these low Pt wt% catalysts had 
specific activities less than 500 μA/cm2. The Pt shell remained intact with no voids after 
durability, as evidenced by TEM imaging32 although dissolution and leaching of the non-noble 
metal was an issue for both PtNi and PtCo nanowires. PtNi nanowires have been further pursued 
with post-synthesis treatments to successfully increase specific activity and mitigate Ni 
dissolution42 as described in this work in Chapters 2 and 3. 
 
1.2.3 Faceted and Shape Controlled Nanoparticles 
 Pt nanocrystals with well ordered faceting and morphologies with increased edge, corner, 
and step sites have proven more electrocatalytically active than commercial Pt/C catalysts43, 44. 
Numerous synthesis processes have been deveolped for control of shape and faceting45. Adding 
trace anounts of iron (Fe) to solution-based synthesis of Pt nanoparticles alters the Pt reduction 
kinetics. Changing the Fe concentration allowed additonal control over Pt nanoparticle growth so 
that nanoparticles with increased edge, corner, and step sites with high ratios of (111) to (100) 
facteing were synthesized43. Highly faceted bimetallic nanoparticles (PtNi and PtCo) were 
synthesized through a solvothermal process; the nanoparticles had specific activities 15 times 
that of Pt/HSC46. PtNi octohedral nanoparticles with (111) faceting on every face were found to 
have exceptionally high specific and mass activity and maintained high activity after 10,000 
cycles47.  However, the mass activity of shaped and faceted nanoparticles tends to be lower than 
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other Pt catalysts48, they suffer from the same durability issues as Pt nanoparticles, and their 
surface structure is unstable under working fuel cell conditions49.  
 
1.2.4 Platinum-Free Catalysts  
 There are several classes of Pt-free materials being pursued as catalysts for the ORR 
reaction in fuel cells including other precious metals, transition metal-nitrogen-carbon catalysts, 
and transition metal oxides, chalcogenides, nitrides, and oxynitrides49.  
The less expensive noble metals palladium (Pd), iridium (Ir), ruthenium (Ru), and silver 
(Ag) have all been studies as catalysts for the ORR50-55. In terms of activity, stability, and cost56-
58, Pd holds the most potential for replacing Pt but even so Pd nanoparticles are five times less 
active than their Pt counterparts59. Similarly to Pt, as discussed below, there are several ways to 
alter the electronic properties of Pd to make significant gains in activity. For example, Pd can be 
alloyed or combined with other metals60-63 or nanoparticles can be synthesized with more active 
facets64-66. Studies have shown that these methods can result in activities similar to Pt 
nanoparticles but the fluctuation in costs would likely be prohibitive to its being a practical 
alternative to Pt67.  
Of the non-precious transition metal catalysts, transition metal-nitrogen-carbon (M-N-C) 
containing catalysts, where M is Fe or Co, are most promising. The activity of M-N-C complexes 
is dependent on multiple factors that can be optimized for improved performance. Catalyst 
activity and durability is dependent on composition, structure, and interaction between 
constituents, which are modified by precursor, synthesis method, and thermal treatments49, 68, 69. 
Much progress has been made in optimizing these parameters resulting in improved activities, 
but this class of materials is still lacking when compared to Pt-based catalysts70. Transition metal 
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oxides, chalcogenides, nitrides, and oxynitrides have demonstrated activity in alkaline fuel cells 
but activities are poor for PEMFCs and will not be further discussed.  
 
1.3 Characterization of ORR Catalysts with Spectroscopy and Microscopy Methods  
In part, a previously published book chapter section, reprinted with permission from Wiley-VCH 
Verlag GmbH & Co. 
 Extensive characterization of fuel cell catalysts is required to optimize their activity and 
durability. At the fundamental level, it must be understood how the catalyst material is formed 
during synthesis. Second, the catalyst morphology, bulk, and surface properties should be 
elucidated and related to activity and durability. The catalyst composition and structure should 
also be investigated once it is incorporated into an electrode and their impact on mass and charge 
transport through the electrode should be evaluated.  This is particularly important when 
developing novel classes of electrocatalysts. Equally important are the studies of the effect of 
fuel cell operating conditions on catalyst morphology, chemical properties, and catalyst layer 
structure.  Multiple analytical methods are required for the robust characterization necessary to 
understand electrocatalysts and electrodes. The techniques pertinent to the work herein are 
described below. 
 
1.3.1 Electron Microscopy: Transmission Electron Microscopy (TEM) and Scanning 
Electron Microscopy (SEM) 
 With TEM, incident electrons pass through a sample to a detector providing high resolution 
images with resolution as small as 50 pm71. TEM in an invaluable tool for accessing particle size, 
shape, and distribution of catalyst materials. TEM imaging before and after electrochemical 
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testing to visualize changes in catalyst morphology, porosity, and agglomeration is essential to 
understanding catalyst durability. Scanning electron microscopy (SEM) takes advantage of the 
secondary electrons emitted from a sample surface from exposure to the electron beam to reveal 
material morphology and topography. These secondary electrons are affected by surface 
roughness and texture where taller features emit more electrons appearing brighter.  SEM is 
capable of nm resolution, ~1nm, and magnification from 10-500,000x. Because of large sample 
holders and viewing area, large sections of fuel cell components can be imaged; for example, 
MEA cross-sections72.  
 
1.3.2 Electron Spectroscopy: Electron Dispersive Spectroscopy (EDS) 
 When an electron beam interacts with a sample, core level electrons are excited. As they 
decay, they emit the excess energy as x-rays with energies specific to the element being probed. 
These x-rays are detected and the resulting emission spectrum provides elemental identification 
and quantification73. When paired with TEM or SEM imaging, an elemental map is created 
providing information on catalyst composition and structure. For example, as described in 
chapter 2, EDS mapping of PtNi nanowires synthesized via SGD showed that the as synthesized 
nanowires had  inhomogeneous Pt agglomerates distributed on the Ni nanowire surface while 
hydrogen annealing at 250°C generated a homogeneous Pt shell 5-10 nm thick42. EDS mapping 
of Pt and fluorine (a dominant element in the Nafion ionomer and membrane of PEMFCs)  in 
PEMFC MEAs before and after fuel cell operation provided insights into Pt dissolution and its 




1.3.3 X-Ray Spectroscopies: X-Ray Photoelectron Spectroscopy (XPS) and X-Ray 
Absorption Spectroscopy (XAS) 
X-ray photoelectron spectroscopy (XPS) and X-ray absorption spectroscopy (XAS) are 
powerful techniques to probe the chemical speciation and structure of fuel cell catalysts. With 
both methods, incident x-ray photons are absorbed by a sample and subsequently excite core 
level electrons. In simplistic terms, if the incident energy is equal to or greater than the binding 
energy (BE) of a core electron, the electron can absorb the energy and transition to the lowest 
unoccupied molecular orbital, or to the continuum – as occurs with XAS. With sufficient 
incident energy – as with XPS – the electron can be ejected while excess photon energy (the 
amount greater than the electron BE) is converted to kinetic energy (KE). Both XPS and XAS 
probe the BE of core electrons in a sample, providing element-specific information including 
oxidation states and chemical environments. The methods also have significant differences that 
allow each to offer complementary information about a material of interest. 
In XPS, also known as electron spectroscopy for chemical analysis (ESCA), incident photon 
energy is kept constant and the KE of ejected electrons is detected, which is directly related to 
BE by the instrument work function75. The resulting spectrum is intensity as a function of BE, 
with the intensity being proportional to the number of electrons detected. Survey spectra are 
lower resolution scans with a broad BE range that are used to quickly evaluate sample 
composition, as the BE of each peak is element-specific. High-resolution spectra provide a more 
detailed information about speciation of the element, and are essentially linear combinations of 
the signals from all contributing species. The spectra can be deconvoluted into their contributing 
components using curve-fitting procedures, providing a wealth of information on surface species, 
oxidation states, and potential active sites. This is useful for all classes of electrocatalyst 
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materials, but can be challenging for heterogeneous materials with multitude of moieties76, 77. A 
distinct advantage of XPS over XAS is that the area under the peaks can be readily quantified, 
providing information about relative distribution of species. Elemental or component distribution 
can be identified with accuracy up to 0.1 at % to determine catalyst surface loadings, confirm the 
presence of certain moieties, or identify surface contaminants.  
The short inelastic mean free path of photoelectrons results in sampling depth of 1-10 nm, 
which is both a benefit and drawback to the technique. Limited sampling depth makes XPS 
inherently surface sensitive, which is essential for identifying active sites on the fuel cell catalyst 
surface. In order to avoid attenuation of the photoelectron signal as it travels from the sample to 
the detector, however, it is necessary to conduct XPS in ultra-high vacuum (UHV).  
In XAS, the incident energy is not kept constant but rather systematically increased to 
measure the absorption over an energy range. Synchrotron sources allow high flux, incident x-
ray energy to be tuned to the BE of a specific core orbital of an element of interest. A typical 
experiment will collect absorption data for a range of energies, from several hundred eV below 
the core electron BE to several hundred eV above the electron BE. At energies below the core 
level electron BE, little absorption occurs. A typical peak consists of a sharp rise in absorption 
(the edge or white line) at the core level electron BE, followed by a downward trend in 
absorption after the edge78. 
XAS spectra are thought of as having two distinct parts: the x-ray absorption near edge 
structure (XANES) and the extended x-ray absorption fine structure (EXAFS). No absolute 
definition exists for where the XANES region ends and the EXAFS region begins, but XANES 
generally includes any pre-edge features, the edge, and energy 30-50 eV above the edge, while 
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EXAFS comprises everything at a higher energy than the XANES78 (figure 1.8). These regions 
provide complementary information about the fuel cell catalyst.  
 
 
Figure 1.8 Pt L3XAS spectra of PtNi nanowires. The XANES region and EXAFS region are 
indicated with arrows.   
 
The XANES probes oxidation state and coordination chemistry of an atom, similar to XPS. 
Typically, XANES is analyzed qualitatively with the edge position and shape being compared to 
known standards. Comparison of Fe, Pt, and Ru edge positions of a ternary Fe1-xPtRux catalyst to 
standards revealed that Pt and Ru were in their reduced metallic state while the catalyst 
contained both Fe0 and Fe2+, indicating that some of the surface Fe was oxidized to FeO (figure 
1.9)79 . Curve fitting the XANES region to known standards can be used to estimate relative 
atomic concentrations of species – for example the amount of Ni relative to NiO in a PtNi binary 




Figure 1.9 Normalized XANES and EXAFS spectra of the Fe1-xPtRux catalyst synthesized via a 
cation redox reaction in solution overlaid with the relevant standards. The energy was scanned 
from 200 eV below the edge to 1000 eV above the edges. Standards were measured 
simultaneously with the catalyst: a) XANES of the Fe edge, b) XANES of Pt edge, c) XANES of 
Ru edge, d) EXAFS of Fe, e) EXAFS of Pt, and f) EXAFS of Ru. (Reprinted (adapted) with 
permission from Journal of the American Chemical Society 2007 129 (6), 1538-1540. Copyright 
(2007) American Chemical Society.) 
 
The EXAFS region probes an atom’s relationship with its neighbors, providing information 
such as bond distances, coordination number, and speciation. An electron can be thought of as a 
wave radiating out is all directions. When an atom absorbs sufficient energy, an electron is 
ejected from a core level and there is the probability that it will scatter off another atom, the 
 
19 
scatterer or scattering atom, and return to the absorbing atom, at which point, as a wave, it can 
interact constructively or destructively. If the interference is constructive, the probability of 
absorption is more likely to occur and if the interference is destructive the probability of 
absorption is decreased; resulting in the oscillations observed in the EXAFS region of a XAS 
spectra. If the absorption as a function of energy is converted to absorption as a function of wave 
number (of the ejected electrons) the data will be described well by the EXAFS equation 
(equation 2).  
 



















sin (2��! + � � )      equation 2 
 
Typically, the data will be multiplied by a factor of k, k2, or k3 to amplify the intensity of the 
oscillations at higher k. It is evident in equation 2 that the oscillations are a sum of all possible 
scattering paths. A Fourier transforms of the data is taken to separate out the various paths based 
on absorber-scatter distance and is fit based on scattering paths derived from known or 
theoretical standards. It is important to note that the Fourier transform is related to, but is not, a 
radial distribution function. Therefore, the peak positions do not directly correlate to absorber-
scatterer distances and are typically a few angstroms less than the actual distance. The EXAFS 
equation is a function of several parameters that describe and provide information on an atoms 
local bonding environment: i is the scattering path (scattering off a nearest neighbor and 
returning directly to the absorbing atom, scattering off two neighbors before returning to the 
absorber, etc.), k is wave number, S
o
 is the amplitude reduction factor that accounts for the 
decrease in oscillation amplitude always found in experiments relative to theoretical calculations 
(as a result of deviations from ideal assumptions - essentially a fudge factor), D is the half path 
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length or distance between absorber and scatterer, N is the degeneracy of path I (the coordination 
number for nearest neighbor or first shell fits), σ2 is mean square relative displacement (the 
variance in D due to static or thermal disorder), f accounts for elastic vs inelastic scattering, and 
δ accounts for any phase shift that occurs from deviance from ideal assumptions (such as 
instantaneouls elastic scattering).  
 The FT can be analyzed qualitatively to give insight into bond distances relative to a 
standard and speciation, while a rigorous curve fitting procedure is carried out computationally 
to determine quantitative bond distances (D) and coordination numbers (N) among other 





catalyst mentioned above. Qualitatively from comparison to standards, it was evident from the 
EXAFS region that Pt, Fe, and Ru bond distances in the sample were shorter than those in the 
foil standards – indicating alloying of the metals. The largest peak in the Fe FT aligns with that 
of FeO, supporting the same species identification from XANES analysis (figure 1.9)79. Several 
structural parameters were extracted computationally from curve fitting to a theoretical standard, 
including bond distances and coordination number. From Pt and Fe coordination numbers, the 
catalyst was shown to have a core-shell structure, with a Pt core and Fe-rich shell containing 
small amounts of Pt. The ability to quantitatively determine structural properties is an advantage 
of XAS over other techniques.  
Depending on the element orbital being probed, soft x-rays (lower energy) or hard x-rays 
(higher energy) are required to excite core level electrons. Soft x-rays are attenuated in air and 
thus require UHV conditions. Hard x-rays, however, do not have attenuation issues and can be 
used under atmospheric conditions. Experiments can therefore be performed via hard x-rays to 
easily access metals, even under in situ/in operando conditions, providing a major advantage of 
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XAS for fuel cell catalyst characterization. For example, in situ potential cycling of a Pt catalyst 
allowed identification of Pt L3 XANES spectral features that correlate to platinum oxide (PtO) 
formation, O or hydroxyl (OH) adsorption, H adsorption on the catalyst surface, and – 
importantly – the potentials at which PtO was formed and removed80. 
 
1.3.4 Transmission X-ray Microscopy 
 Transmission x-ray microscopy (TXM) uses monochromatic hard x-rays for imaging. Hard -
rays allow materials to be imaged under ambient conditions or in-situ/in-operando in their 
working environment. The use of monochromatic radiation at or above an element’s absorption 
edge allows for areas containing that element to have high contrast compared to all other 
material in the system.  
All TXM experiments in this work were carried out at beamline 6-2c at the Stanford 
Synchrotron Radiation Lightsource. A simplified schematic of the TXM is provided below 
(figure 1.10). Briefly, monochromatic x-rays pass through the sample and are focused with a 
zone plate onto a high-resolution charge coupled device. The resolution is approximately 30 nm 
with a 30-micron field of view, which can be increased to hundreds of microns with raster 
scanning. 2D imaging or 3D tomography is possible. For 3D tomography, the sample is rotated 
180 degrees and an image (or images if raster scanning) is taken at every degree of sample 
rotation. The images are then reconstructed for 3D visualization of the sample.  
 Chemical speciation information at every pixel is possible with XANES mapping, as 
illustrated in figure 1.11. In this approach one image is taken at each energy step required for an 
adequate XANES spectra. This results in each pixel having an associated absorption value at 
each energy which can be combined to give a XANES spectra for each pixel. Linear combination 
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fitting of known standards at each pixel provide chemical speciation information at each pixel 
and so a chemical speciation map of the imaged sample. The process can be repeated at each 
angle of a rotated sample to provide 3D chemical speciation information. 
  
  
Figure 1.10 Schematic of TXM components (Reproduced with permission of the International 
Union of Crystallography http://journals.iucr.org/). 
 
 
Figure 1.11 Principles of data processing for three-dimensional XANES microscopy 




1.4 Goals and Structure of Thesis 
For improved PEMFC catalyst development, it is necessary to understand how catalyst 
chemical and structural properties relate to activity and durability. To this end, it is imperative 
that the as synthesized catalyst material not only be characterized, but also in its working 
environment, especially with extended surface catalysts where the structure of the catalyst 
electrode layer  
directly impacts fuel cell performance. In this work, three main objectives were undertaken to 
characterize extended surface nanowire catalysts to guide further catalyst and electrode 
deveolpment: 
1. Characterization of PtNi nanowires, for ORR in PEMFCs, before and after hydrogen 
annealing, acid leaching, and oxygen annealing to acertain how each post-synthesis 
treatment affects nanowire morphology and composition, including degree of Pt-Ni alloying. 
2. Development of methods that allow 2D and 3D characterization of the catalyst layer 
fabricated with PtNi nanowires, including investigation of i) the catalyst structure as a 
function of the electrode composition, and ii) changes in the nickel distribution induced by 
nickel leaching. 
3. Investigation of IrNi and IrCo nanowires, for electrolysis on PEM electrolyzers, with 
various Ir content, before and aftre acid leaching, as a function of Ir content.  
All experimental methods are described in Appendix 1. 
 
1.5 Expected Impact 
 This work will contribute to the further development of efficient ORR and OER extended 
surface electrocatalysts and the development of multiscale and multi-technique characterization 
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methodologies for electrocatalysts and electrocatalyst layers. Specifically, the investigation of 
the surface and bulk composition, structure, and morphology of PtNi nanowires as a function of 
hydrogen annealing will allow the activity of these materials to be improved. Similar studies of 
acid leached materials will guide further optimization of post-synthesis acid treatments to 
mitigate undesired leaching of nickel during fuel cell operation. Visualization of the nanowires in 
their working environment using x-ray microscopy will allow nanowire structure to be correlated 
to activity – important for electrode optimization. Studies of IrNi and IrCo nanowires provide 
important information regarding surface properties of these materials and their impact on OER 
activity and durability. The XPS analysis of Ir-based catalysts is particularly important due to its 
complexity and limited information currently available in the literature. The component peak 
assignments will continue to be used in future work to further develop understanding of Ir 
speciation. 
This work demonstrates the importance of multi-technique characterization of extended 
surface catalysts. The methodologies developed for electrode characterization will continue to be 
utilized in the future work to improve both catalyst and electrode structure for optimization of 





CHAPTER 2  
CHARACTERIZATION OF PtNi NANOWIRE ELECTROCATALYSTS 
 
This chapter focuses on extensive characterization of PtNi nanowires as effective 
electrocatalysts for ORR in PEMFC. Several techniques, including XPS, XAS, TEM, and EDS 
were first used to study composition, morphology and structure of as synthesized PtNi 
nanowires. The same methods were then utilized to understand changes in the composition, 
morphology and structure induced by several post-synthesis treatments. Specifically, H2 
annealing was used to alloy Ni and Pt for improved specific activity and to generate a more 
homogenous Pt shell.  Acid leaching was employed to remove bulk Ni from the nanowire core to 
mitigate Ni leaching during fuel cell operation as Ni dissolution is known to contaminate the 
MEA and degrade performance. Finally, O2 annealing was investigated to assess potential gains 
in durability.  To develop a fundamental understanding of how catalyst properties affect ORR 
activity, changes in the catalyst composition, morphology and structure are related back to 
electrochemical performance. 
 
2.1 As synthesized catalyst material 
PtNi nanowires were synthesized through spontaneous galvanic displacement of Ni nanowire 
templates with Pt, using potassium tetrachloroplatinate as platinum precursor. The more noble 
metal, Pt, displaces the less noble metal, Ni, on the template surface. The reaction is allowed to 
proceed for two hours. The final PtNi nanowires are 200-300 nm in diameter and 100-200 μm in 
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length; these dimensions are directly dependent on the dimensions of the Ni nanowire template. 
PtNi nanowires have a 7.4 wt% Pt loading, based on inductively coupled plasma (ICP) analysis42.   
The EDS map of the PtNi nanowires provided in figure 2.1 confirms that Pt is deposited on 
the Ni nanowire surface, but as Pt agglomerates and not as a homogeneous extended surface 
layer. Although EDS when combined with TEM provides valuable structural and elemental 
insights, the chemical nature of the Pt coating cannot be infered. Therefore, XPS and XAS 
analysis are used to investigate chemical speciation and extent of Pt-Ni alloying, important 
parameters for catalyst activity.   
 
 
Figure 2.1 Pt (red) and Ni (Green) EDS map of the as synthesized PtNi nanowires  
 
XPS was first used to identify surface platinum and nickel species, and to quantify the 
elemental composition. As XPS is a surface sensitive technique, probing 2-10 nm depending on 
material and density, significant amounts of carbon and oxygen are typically present. From XPS, 
the surface of as synthesized PtNi nanowires contains 12.7 at% of Ni, 10.2 at% of Pt, 43.4 at% of 
carbon, and 33.6 at% of oxygen.  
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 Figure 2.2 shows representative Pt 4f high-resolution XPS spectrum. In general, metallic Pt 
species are located at 70-70.1 eV binding energy range, hydroxide species at 72.6-72.8 eV, and 
oxide species contribute over a larger binding energy range of 73.2-75.4 eV81. As can be seen 




 are narrow and not well separated so that the component 
peak associated with Pt oxidation at higher energy in the 4f
7/2
 portion of the spectra overlaps 
with the lower energy of the 4f
5/2 
portion. In the 4f
5/2 
portion of the spectra, the higher energy 
peak component from Pt oxidation would be easily observable making is necessary to acquire 
and analyze the entire Pt 4f spectra to confirm the presence, or lack of Pt oxide species. Based on 
the shape of the Pt 4f spectra, as synthesized PtNi samples contain platinum predominantly in 
metallic state.  
 
 
Figure 2.2 Pt 4f XPS spectra of the as synthesized PtNi nanowires. 
 
As can been see from Figure 2.3a a high-resolution Ni 2p spectra is much broader than Pt 4f 





 portion is well separated from the Ni 2p
1/2
 portion, where 3/2 and 1/2 refer to spin 
orbital splitting, and all necessary information on speciation can be determined from the 3/2 
portion. Therefore, in this work only on the Ni 2p
3/2
 portion of the spectra is acquired and 
analyzed. The feature present in the spectra between 265 eV and 260 eV is a shake-up peak 
common to transition metals. There is always a probability that an outgoing electron will lose 
kinetic energy from various interactions with other electrons or surface plasmons as it leaves the 
atom and thus lose kinetic energy82. The lower detected kinetic energy of the electron will be 
calculated as having had a higher binding energy resulting in higher energy shake-up peaks in 
the XPS spectra. The main peaks observed in the Ni 2p
3/2 indicate multiple states of nickel. From 
comparison with literature data82-84, nickel is present as mix of metallic and hydroxide species 




Figure 2.3 Ni 2p  XPS spectra of the as synthesized PtNi nanowires a) Ni 2p showing Ni 2p 3/2 
and Ni2p1/2 b)Ni 2p showing Ni 2p3/2 
 
 The XANES spectrum presented in figure 2.4 confirms that Pt is in the metallic state. The 
absorption edge position and shape align well with the Pt standard. The analysis of the EXAFS 
region (figure 2.5) also confirms that Pt is in the metallic state and further that Pt and Ni are not 
alloyed. The best fit to the Fourier transform of the k3-weighted data involved only Pt in the first 
shell and the addition of any Ni deteriorated the fit. The values of D (2.73 Å) and the 
coordination number (10.1) are consistent with Pt nanoparticles. Determining the extent, or lack 
of, Pt-Ni alloying is necessary to understanding and improving catalyst activity. The increase in 










N D (Å) σ2 x 103 R-factor 
10.1 2.73 6.8 0.009 
 
Figure 2.5 Pt L
3
 Fourier transform of the k3-weighted EXAFS data (solid line) and first-shell fits 
(dashed line) of the as synthesized Pt-Ni nanowires and corresponding parameters derived from 
the EXAFS fits for the PtNi nanowires, including the coordination numbers (N), absorber-
scattering atoms, interatomic distance (R), sigma squared (σ2), and the R-factor. 
 
The as synthesized 7.4 wt% Pt PtNi material showed ECSA greater than 90 m2/g
Pt
. The mass 
and specific activities were determined from electrochemical testing conducted in a rotating disk 
electrode (RDE) half-cell. The mass activity of the as synthesized material was determined to be 
approximately 1600 mA/g
Pt
; five times greater than that of Pt nanoparticles on high surface area 
carbon (Pt/HSC), the standard to which novel catalyst are typically compared. The specific 
activity was found to be approximately 1200 μA/cm
Pt; a four-fold increase over Pt/HSC.  While 
these characteristics are very promising further improvements in specific activity are needed 





2.2 PtNi Nanowires annealed in H2. 
 To alloy Pt and Ni, and generate a more homogeneous extended surface, the PtNi nanowires 
were annealed in hydrogen at increasing temperature up to 500°C. Interestingly, the specific 
activity (figure 2.6, blue) increases continuously with temperature while the mass activity (figure 
2.6, red) peaks at 250°C then declines. Three materials were chosen for further characterization 
to understand the effect of temperature on catalyst properties and their correlation to the specific 
and mass activities: the as synthesized PtNi nanowires, the nanowires annealed at 250°C with 
optimum mass activity, and the nanowires annealed at 400°C with deteriorated mass activity 




Figure 2.6 ORR specific activity (blue) and mass activity (red) of hydrogen annealed PtNi 




 Table 2.1 lists the Pt atomic percent relative to Ni on the surface of the samples annealed at 
different temperatures, figure 2.7a provides the Pt 4f XPS spectra for the PtNi nanowires as 
synthesized, annealed at 250°C, and annealed at 400°C, and figure 2.7b provides the 
corresponding Ni 2p3/2 XPS spectra. Comparison of Pt 4f XPS spectra (figure 2.7a) reveals no 
observable changes in the Pt speciation on the surface but from table 2.1 it is evident that the 
atomic percent of Pt on the surface relative to Ni decreases substantially with increased 
annealing temperature. The Ni speciation does change on the surface with an increasing signal 
from metallic nickel species vs that of nickel hydroxides (figure 2.7b). The decrease in amount 
of Pt and the increase in metallic Ni species strongly imply that Pt is being incorporated into the 
Ni template. Very low concentrations of Pt detected in samples annealed at higher temperatures 
explain the decline in mass activity – if Pt is no longer on the surface it is no longer available for 
catalysis. The XPS results do not however explain the increase, or peak, in mass activity nor the 
increase in specific activity.  
Table 2.1 Pt atomic percent relative to Ni on the PtNi nanowire surface determined from XPS for 
all samples annealed in H2.  
Sample Pt (at%) 
untreated 10.2 













Figure 2.7 XPS spectra of PtNi nanowires a) Pt 4f and b) Ni 2p with as synthesized (gray) 
annealed in H2 at 250°C (red) and 400°C (blue). 
 
 XAS analysis was conducted to determine if the continous increase in specific activity is 
correlated to an increase in Pt-Ni alloy formation. Figure 2.8 provides the XANES spectra for the 
untreated and the PtNi nanowires anneald in hydrogen at 250°C and 400°C while  figure 2.9 
provides the corresponding EXAFS spectra. 
In the XANES spectra a shoulder after the absorption edge at 11575 eV grows with 
increasing temperature and is correlated to Pt-Ni alloying. The EXAFS data supports this 
conclusion. The best fit for the as synthesized, untreated,  PtNi nanowires han no Ni scatters in 
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the Pt first shell, the best fit for the nanowires annealed at 250°C has half Pt and half Ni as 
scatters in the Pt first shell,  and after being annealed at 400°C the best fit for Pt is achieved with 
only Ni in the first shell of Pt (figure 2.9). Previous compuation results based on these materials42 
found that the most likely alloyed PtNi structure is Ni
3
Pt. With this structure, the expected Pt-Ni 
distance is expected to be approximately 2.58Å while the nearest Pt-Pt distance is expected be 
approximately 3.65, and so not within the first shell of a Pt absorber (based on computation 
results from the Material’s Project)85.  
As described above for the as synthesized sample, the lack of Ni in the first shell of Pt 
indicates that no Pt is alloyed to Ni. The coordination numbers for Pt and Ni for the sample 
annealed at 250°C indicates that some, but not all, of the Pt is alloyed as Pt remains in the first 
shell of the absorbing Pt atoms. The lack of Pt in the first shell for the 400°C annealed sample 
suggests that all the Pt is alloyed with Ni. The increase in alloy formation with annealing 
temperature explains the increase in specific activity with temperature, but does not explain the 
peak in mass activity at 250°C. 
The EDS maps of the as synthesized catalyst (figure 2.1 and also shown in figure 2.10 for 
comparison with annealed PtNi nanowires) shows Pt agglomerated on the Ni nanowire surface 
supporting the EXAFS conclusions that no Pt is alloyed with Ni in the as synthesized material. 
The sample annealed at 250 °C shows a more homogeneous distribution of Pt on the surface and 
strongly indicates the formation of an extended surface. The sample annealed at 400°C also 
shows a homogeneous distribution of Pt but Pt is distributed throughout the wire with most of the 
Pt being in the bulk and not on the surface. In comparison, in the sample treated at 250°C most of 
the Pt remains at the surface.  Thus, the EDS maps suggests the reason behind the peak in mass 
activity at 250°C where the formation of a relatively homogeneous extended Pt surface is evident, 
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with a significant portion of the Pt being on the surface and accessible for catalysis to provide 
high mass activity. There is also sufficient amount of alloy (from EXAFS) on the surface to 
provide relatively high specific activity. The untreated nanowires have no apparent alloy 
formation (from EXAFS) and therefore have lower specific activity while the nanowires 
annealed at 400°C have substantial alloying (from EXAFS) but the Pt in incorporated into the 
bulk Ni (from XPS and EDS mapping) and so not available for catalysis. 
 
 
Figure 2.8 Pt L
3
 XANES spectra of the as synthesized PtNi nanowires (gray), annealed in H
2
 at 







N R (Å) Δσ2x103 R-factor 
Untreated Pt-Pt 10.1 2.73 6.8 0.009 
250C Pt-Pt 5.7 2.69 7.2 0.001 
 Pt-Ni 5.7 2.56 5.4 0.001 
400C Pt-Ni 10.4 2.55 4.7 0.005 
 
Figure 2.9 Pt L
3
 Fourier transform of the k3-weighted EXAFS data (solid line) and first-shell fits 
(dashed line) of the as synthesized PtNi nanowires (gray), annealed at 250°C (red), and annealed 
at 400°C (blue) with corresponding parameters derived from the EXAFS fits for the PtNi 
nanowires, including the coordination numbers (N), absorber-scattering atoms, interatomic 






Figure 2.10 Bright field TEM and EDS maps of the as synthesized PtNi nanowires, PtNi 
nanowires annealed in H
2
 at 250°C, and PtNi nanowires annealed in H2 at 400°C. 
 
2.3 PtNi Nanowires post-treated with acid 
 The PtNi nanowires annealed in hydrogen at 250°C have high mass and specific activities, 
but due to potential issues with leaching of the nickel during operation of the fuel cell in acidic 
environment, durability remains a major challenge. It is well established for the PtCo 
nanoparticle catalysts, that leaching of the cobalt results in contamination of the electrode and 
other fuel cell components severely degrading fuel cell performance86. It is expected that 
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similarly to PtCo nanoparticle catalysts, leaching of the Ni from PtNi nanowires should be 
prevented in order to maintain appropriate level of performance.  
PtNi nanowires annealed in H2 at 250°C the PtNi nanowires were exposed to acetic, nitric, 
or sulfuric acid of varying concentrations and at different temperatures to promote leaching of 
nickel from the core of the nanowires and thus improve durability while maintaining activity. 
Table 2.2 lists all acid treatments used in this work. 
It is apparent from TEM (Figure 2.11) that very little to no Ni is removed when wires are 
treated with acetic acid. Harsher acid treatments remove more bulk Ni from the nanowires. 
Hollowing of the wires, removal of bulk Ni, is observable in the nitric and sulfuric acid treated 
samples to the extent that the wires lose their structural integrity, particularly when sulfuric acid 
is used. EDS, XPS, and XAS characterization are used to provide additional structural and 
chemical information to access degree of nickel removal from the surface vs that of the bulk, 
detect any accompanying changes in the state of platinum and nickel and to determine level of 
dealloying. A linear combination (LC) fit of an unalloyed standard (the as synthesized PtNi 
nanowires) and a fully alloyed standard (the PtNi nanowires annealed in hydrogen at 400°C) 
provided quantifiable information on the extent of alloy remaining after acid exposure (Table 
2.3). 
Table 2.2 Acid Molarity and Conditions   
 
Molarity (M) Condition 
Acetic 0.01 Room temperature 
 
0.1 Room temperature 
 
1 Room temperature 
Nitric 0.1 Room temperature 
 
1 Room temperature 
 
3 Room temperature 
Sulfuric 1 Room temperature 
 
















Table 2.3 Linear Combination of Unalloyed As synthesized PtNi Nanowires and Alloyed PtNi 
Nanowires Annealed in Hydrogen at 400°C 
 
R-Factor Untreated 400°C H2  
250°C H2 0.0002 0.31 0.69 
Acetic 0.01M 0.0007 0.46 0.54 
Acetic 0.1M 0.0005 0.46 0.54 
Acetic 1M 0.0003 0.43 0.57 
Nitric 0.1M 0.0003 0.38 0.62 
Nitric 1M 0.0061 0.65 0.35 
Nitric 3M 0.0054 0.66 0.34 
Sulfuric 1M 0.0128 0.84 0.16 
 
  
The atomic percent of Ni relative to Pt on the nanowire surface, determined from XPS, 
decreases with the increasing harshness of the acid treatment (Table 2.3), with 3M nitric acid 
being the outlier remaining Ni rich. The Pt 4f and Ni 2p XPS spectra provide chemical speciation 
information. Regardless of acid treatment, Pt remained metallic with no indication of oxidation 
(Figure 2.12). Unlike Pt, the acid treatments had varying effects on the surface speciation of Ni.  
Acetic acid (0.01M, 0.1M, and 3M) preferentially removed Ni hydroxide species as 
evidenced by the increase in the metallic Ni peak relative to the hydroxide peak (Figure 2.13). 
The EDS map of the 0.1M acetic acid leached sample shows no indication of bulk Ni removal 
(Figure 2.14), although small changes are observed in the relative distribution of Pt and Ni on the 
surface showing separation of the Pt layer and the bulk Ni, suggesting that this treatment may 
have also effected the surface PtNi alloy. The XANES spectra in figure 2.15 show no apparent 
changes in the PtNi alloy (there is no obvious decrease in the shoulder at 11,575eV). However, 
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the linear combination results do show a decrease in alloy (table 2.3).  The acetic acid treated 
samples all had high activity but poor durability similar to the un-leached hydrogen annealed 
nanowires. 
 
Table 2.3 Pt atomic percent relative to Ni on the PtNi nanowire surface determined for XPS for 
all acid leached samples. 




COOH 0.01M 2.3 
CH
3
COOH 0.1M 2.2 
CH
3
COOH 1M 2.1 
HNO
3
 0.1M 1.6 
HNO
3
 1M 1.1 
HNO
3




















Figure 2.13 Ni 2p XPS spectra of PtNi nanowires annealed in H
2
 at 250°C (gray), acid leached in 








Figure 2.15 Pt L3 XANES spectra of acetic acid 0.01M (bottom), 0.1M (middle), and 1.0M (top) 
Dashed gray lines mark the shoulder at approximate y 11,575 eV. 
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Loss of bulk Ni is clearly visible in the EDS maps of the 0.1M and 1.0 nitric acid samples 
(Figure 2.16). As with acetic acid, the Ni metal peak of the 0.1M and 1.0M nitric acid samples 
increased relative to the hydroxide peak from preferential leaching of the hydroxide species 
(Figure 2.17). From the XANES spectra, the shoulder at 11,575 eV remains in-tact for the 0.1M 
nitric acid treated PtNi nanowires, but a decrease in intensity is observable for the nanowires 
leached in 1.0M acid (figure 2.18), in agreement with the LC results. Quantitatively, the 0.1M 
nitric acid treated nanowires maintain more Pt-Ni alloy than any other acid treated sample. There 
is a significant drop in the extent of alloying for the 1.0M acid leached nanowires (table 2.3). The 
0.1M nitric acid sample had high durability with only 5% Ni loss after 30,000 cycles and with 
moderate initial activity loss of approximately 30% relative to the un-leached hydrogen annealed 
nanowires.  
The effect of 3M nitric acid was not consistent with the other two nitric acid treatments. 
EDS maps show nearly complete removal of bulk Ni and well correlated Ni and Pt which 
suggests that this treatment is one of the best in terms of leaching Ni from the bulk, only leaving 
Ni associated with Pt (figure 2.19).  But both XPS and XAS disputed this possibility. XPS 
analysis found very little Ni metal on the surface but significant amount of nickel oxide in 
addition to hydroxide species (figure 2.20).  From the XAS spectra (figure 2.18), where the 
decrease in shoulder intensity is evident and from the LC results (table 2.3), which indicate 
similar alloying to the 1.0M leached sample, it is evident that most of the Pt is no longer alloyed 












Figure 2.17 Ni 2p XPS spectra of PtNi nanowires annealed in H
2
 at 250°C (gray), acid leached in 





Figure 2.18 Pt L3 XANES spectra of nitric acid 0.01M (bottom), 0.1M (middle), and 1.0M (top) 










Figure 2.20 Ni 2p XPS spectra of PtNi nanowires annealed in H
2
 at 250°C (gray), acid leached in 
3.0M nitric acid (red).  
 
The sulfuric acid samples had little Ni remaining on the Pt dominated surface (table 2.2), but 
of the remaining Ni, there is a substantial increase in metallic species relative to hydroxide 
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species (Figure 2.21), with almost complete loss of hydroxide species after exposure to the harsh 
3M acid treatment. From TEM, these wires are hollow and have lost their structural integrity, 
essentially falling apart (figure 2.11). From the minimal remaining shoulder at 11, 575eV in the 
XANES spectra (figure 2.2) and the LC results where the alloyed Pt standard contributes to only 
16% of the fit, it is evident that little Pt-Ni alloy remains. The PtNi nanowires leached with 
sulfuric acid had excellent durability with only limited performance loss after 30,000 cycled but 
poor initial activity.  
In summary, acetic acid removed little bulk Ni and caused some dealloying. The activity 
remained high but durability was not improved. 0.1M nitric acid was the optimum treatment with 
minimal alloy loss, substantially increased durability, and only moderate activity loss relative to 
the un-leached PtNi nanowires. The sulfuric acid caused loss to nanowire morphology, 




Figure 2.21Ni 2p XPS spectra of PtNi nanowires annealed in H
2
 at 250°C (gray), acid leached in 






Figure 2.22 Pt L3XANES spectra of 1.0M sulfuric acid treated PtNi nanowires. Dashed gray 
lines mark the shoulder at approximately 11,575 eV. 
 
2.3 PtNi nanowires Annealed in O2 
 Previous work has found that annealing in oxygen improves PtNi nanowire durability87 and 
so was pursued here. The PtNi nanowires were annealed in oxygen at 175°C after annealing in 
hydrogen at 250°C, and leaching in 0.1 M nitric acid.  From the XPS analysis, annealing in 
oxygen did not oxidize Pt.  It is also evident from the shoulder at 11,575 eV in the XANES 
spectra and Ni in the first shell of Pt, that Pt and Ni remained alloyed (figure 2.25 and 2.26). 
However, XPS Ni 2p spectra shows that majority of metallic Ni on the surface was converted to 
NiO, with nickel hydroxide species also remaining present (Figures 2.). These materials had 
specific and mass activities in line with the hydrogen annealed pre-leached nanowires, indicating 
that PtNi alloy was maintained and active after treatment in oxygen and formation of nickel 
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oxide on the surface did not negatively affect activity. This treatment resulted in improved 
durability, as samples had negligible losses in activity after durability testing for 30,000 cycles in 
a RDE half-cell. This improvement in durability can be attributed to formation of nickel oxide 






Figure 2.23 Pt 4f spectra of PtNi nanowires annealed in H2 at 250°C, leached in 0.1M nitric acid, 







Figure 2.24 Ni 2p spectra of PtNi nanowires annealed in H2 at 250°C, leached in 0.1M nitric acid, 






Figure 2.25 Pt L
3
 spectra of PtNi nanowires annealed in H2 at 250°C, leached in 0.1M nitric acid, 








N R (Å) Δσ2x103 R-factor 
Pt-Pt 6.8 2.71 6.8 0.002 
Pt-Ni 3.6 2.58 6.9 0.002 
 
2.4 Summary and Conclusions 
  PtNi nanowires synthesized via spontaneous galvanic displacement have uniquely high 
electrochemical surface areas, for this class of catalysts. As synthesized, the PtNi nanowires have 
high mass and specific activity relative to Pt/HSC, but there is no Pt-Ni alloy formation and the 
catalysts suffer activity losses in RDE testing from Ni dissolution and leaching. Several post-
synthesis treatments were applied to further increase mass activity, specific activity, and 
durability - hydrogen annealing, acid leaching, and oxygen annealing. TEM, EDS, XPS, and 
XAS analysis of the as synthesized catalyst, and after each step of the post-synthesis treatment, 
elucidated the effect each treatment had on catalyst chemical composition and morphology. The 
changes in catalyst properties were correlated to electrochemical activity, as summarized below: 
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1. Hydrogen annealing generates a more homogeneous Pt surface and Pt-Ni alloy, resulting 
in significant gains in specific and mass activity.  
2. Various acid treatments remove Ni to various extents. Weak acids remove limited 
amounts of Ni and have negligible effect on activity. Harsh acid treatments successfully 
remove the Ni core but deteriorate the wire structure.  
3. Annealing in oxygen provides further improvements in durability – there was only 
minimal loss in activity after 30,000 cycled in electrochemical durability testing. It is 
probable that the NiO generated on the surface mitigated Ni dissolution.  
 
The best performance in RDE testing is shown by H2 annealing the as synthesized catalyst at 
250°C, leaching in 0.1M nitric acid, and annealing in O2 at 175°C. Hydrogen annealing alloys the 
Pt and Ni providing significant gain in specific activity with inincreasing annealing temperature, 
however, mass activity peaks at 250°C and then deteiorates. At 250°C, a 5-10 nm homogeneous 
Pt surface is formed on the Ni core making a significant amount of the Pt accessible for catalysis, 
hence the high mass activity. At higher temperatures, the Pt is incorporated into the Ni core and 
no longer accessible, decreasing overall activity despite the increase in Pt-Ni alloy formation. 
0.1M nitric acid was found to be the kinetically optimum acid treatment significantly improving 
durability at only a 15% loss in initial activity. Weaker treatments did not leach enough Ni and 
so had negligable affect on activity, while harsher treatments did successfully remove a majority 
of the Ni but at much higher losses to activity. Annealing in oxygen did not affect the chemical 
speciation of Pt but did generate NiO on the nanowire surface improving durability significantly. 
It is probable that the NiO mitigates Ni dossolution. 
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 Despite the high activity and durability in RDE testing, the Ni remaining after leaching in 
0.1M nitric acid will be a continuing challenge in MEAs under relevant fuel cell conditions. It 
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3.1 Abstract 
Extended surface Pt or Pt-M (M=Ni or Co) catalysts are a viable alternative to commercial Pt 
nanoparticles supported on high-surface carbon (HSC) for the oxygen reduction reaction (ORR) 
at the cathode in proton exchange membrane fuel cells (PEMFCs). The activity and durability of 
these catalysts in membrane electrode assemblies (MEAs) is greatly dependent on the surface 
and bulk properties of the catalyst material, integration with ionomer as well as the three-
dimensional structure of the electrode, necessitating extensive characterization of the catalyst in 
the electrode at multiple scales. In this work, extended surface PtNi nanowire-based 
electrocatalysts derived by spontaneous galvanic displacement and post-treated to obtain high 
specific and mass activities are characterized by X-ray spectroscopies to assess catalyst 
composition prior and after incorporation into MEAs and following several treatments to infer 
into catalyst evolution. Transmission x-ray microscopy (TXM) is used to generate two-
dimensional and three-dimensional reconstructions of PtNi nanowire catalyst layers with varied 
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Proton exchange membrane fuel cells (PEMFCs) are well established as suitable alternatives for 
transportation applications, due to high energy conversion efficiency at lower operating 
temperatures7, 8. Platinum (Pt) based nanoparticles on high surface area carbon (HSC) are the 
current state-of-the-art catalyst for the oxygen reduction reaction (ORR) at the cathode, but are 
prone to performance losses from dissolution, Oswald ripening, aggregation, and detachment 
from the carbon support due to corrosion20, 21. Substantial cost of the catalyst layer, which can 
account for half of the total fuel cell cost, is a further limiting factor in the widespread 
commercialization of PEMFCs88. With current Pt loadings, Pt/HSC catalysts do not meet 2017 
Department of Energy (DOE) targets for both performance and cost8.  
Extended surface Pt or Pt-M (M=Ni, Co, or Pd) catalysts are a promising alternative to 
Pt/HSC8, 37, 39, 89-91 as evidenced by the growing body of work describing increased activity and 
durability of various structures, including 3M‘s nanostructured thin film (NSTF) whiskers30, 
nanowires31-36, and dendrite37 structures. Catalysts with extended surfaces inherently have higher 
specific activities than Pt nanoparticles30, and despite initially suffering from low surface areas 
and lower mass activities (activity gmPt
-1), catalysts with higher surface areas have more recently 
been synthesized30, 32. Relative to Pt/HSC, extended surface Pt catalysts have also proven more 
durable in RDE testing and under fuel cell operating conditions34-36, largely due to significantly 
reduced susceptibility to dissolution and agglomeration30, 39. The highest initial activities 
reported for extended surface catalysts are reported for bimetallic Pt-M (typically PtNi or PtCo) 
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materials. Pt-M alloys have higher specific activities due to Pt d-band shifts that decrease the 
extent of hydroxyl species adsorbing and blocking O2 adsorption sites
25, 26, 92. Previously, PtNi 
and PtCo extended surface nanowire catalysts with initial specific and mass activity orders of 
magnitude higher than Pt/HSC have been synthesized31, 32, 42. However, Ni- or Co-containing 
catalysts suffer from performance losses resulting from leaching of the non-noble transition 
metal during cycling, which alters the extended surface catalyst morphology and surface 
composition and results in contamination of the membrane electrode assembly (MEA) due to 
redeposition in the electrode layer or within the Nafion membrane93-96. More recent studies have 
been focusing on elucidation of effect of post-synthesis processes on PtNi nanoparticles to 
improve catalyst durability42, 97. 
  When incorporated into a membrane electrode assembly (MEA) and exposed to relevant 
fuel cell conditions, extended surface catalyst performance is dependent on the three-dimensional 
architecture of the catalyst layer, in addition to composition and morphology of the catalyst itself. 
Carbon black supports in MEAs prepared with Pt nanoparticles increases electrical conductivity, 
while MEAs consisting of NSTF catalyst have the Pt whiskers in contact with one another, 
eliminating the need for carbon black and resulting in much thinner MEAs with less O2 mass 
transfer impedance30. Other work has had similar results demonstrating improved conductivity, 
or reduced charge transfer resistance, and improved mass transport from the 3D structure of 
extended surface catalysts33, 35, 36, 89. The nature of extended surface catalysts enables control 
over void volumes and catalyst-to-catalyst contact through manipulation of in-situ growth 
parameters89, catalyst loadings90, 98, 99, and ionomer content100. Each of these aspects provide 
pathways to further optimize MEA mass transfer and conductivity. However, in order to fully 
capitalize on these materials, accurate structure-property relationships must be developed. 
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Characterization techniques are thus required to not only elucidate the structure and chemical 
properties of the catalyst, but also to provide clear visualization of the catalyst structure in its 
working environment – a challenge with traditional electron microscopy methods. 
While electron microscopy methods are readily used to visualize the as synthesized 
catalyst material, including size and morphology, only limited information can be derived 
regarding the 3-dimmensional catalyst structure of an electrode. Visualization with SEM is 
limited to the in-plane view of the top layer of the cathode or anode catalyst layer or to a cross-
sectional view of the MEA. TEM of the electrode as-prepared is hindered by sample size and 
thickness, although electron tomography has successfully been used to follow the Pt distribution 
in a fresh and degraded MEA101 and to study the ionomer distribution in the catalyst layer102. 
More recent studies using X-ray microscopy methods have been shown to be an effective tool for 
imaging electrode and membrane structure. Soft X-ray STXM has been applied to image carbon 
species, and Pt nanoparticles, in PEMFCs MEAs103-105 as well as iron and gold electrode 
deterioration106. Hard X-ray TXM methods have been used effectively to reconstruct solid oxide 
fuel cells107-109, but have not been used to study PEMFCs electrodes, mainly due to the limited 
resolution of the technique that does not allow visualization of the state-of-the art catalysts based 
on carbon supported Pt or PtM nanoparticles.  
 This work focuses on investigation of PtNi extended surafce catalysts derived from Ni 
nanowires by glavanic dispacement, which have shown high performance and durability in RDE 
testing42. The dimensions of the catalysts - 200-300 nm in diameter and 100-200 µm in length -
necessiate a multitechnique multiscale characterziation approach to adress evoution of the 
catalyst composition within the MEA electrodes. In this work, both the catalyst material and the 
electrode catalyst structure are thoroughly characterized to provide insights towards improving 
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catalyst layer optimization. For clarification purposes, the catalyst material will be refered to as 
the as synthesized PtNi nanowires and the catalyst incorporated into an electrode will be refered 
to as the electrocatalyst layer. For the as synthesized catalyst, the material morphology is 
visualized using SEM and scanning transmission electron microscopy (STEM), surface 
speciation is studied with X-ray photoelectron spectroscopy (XPS), and the extent of Pt-Ni 
alloying is determined with X-ray absorption near edge structure spectroscopy (XANES) and 
extended X-ray absorption fine structure spectroscopy (EXAFS).  
For the investigation of the catalyst electodes, to address the limitations of electron 
microscopies, we use synchrotron X-ray techniqiues to study i) evolution of the catalyst 
composition, and specifically track the changes in the degree of alloying between Pt and Ni and 
ii) to visualize the 3D architecture of catalyst layer with focus on the Ni distribution.. The use of 
monochromatic radiation at or above an element’s absorption edge allows for areas containing 
that element to have high contrast compared to all other material in the system, including 
carbon110. The ability to clearly visualize structures of electrodes prepared with PtNi nanowires, 
and complementary nature of the 2D and 3D TXM imaging, is demonstarted by analyzing the 
PtNi nanowire electrodes prepared with and without graphitized carbon nanofibers (GCNFs). 
Acid treatment of the electrodes is used to leach Ni from the catalyst mimicking the loss of 
transition metal that occurs with fuel cell cycling. EXAFS and 2D TXM imaging, corraboarted 
by TEM EDS imaging demonstrated that it is possible to visually follow the changes in the 






3.3 Results and Discussion 
3.3.1 As synthesized Catalyst Characterization 
The extended surface PtNi nanowire catalyst were synthesized via galvanic displacement of a Ni 
nanowire template with Pt, annealed in hydrogen at 250°C, acid leached in 0.1M nitric acid, and 
annealed in oxygen at 175°C, as reported previously42. The dimensions of wires are shown in 
SEM and STEM images in Figure 1. Of particular interest is the EDS mapping that shows a 
uniform 5-10 nm extended surface layer of Pt created through this series of post-treatments. 
From XPS, the Pt 4f7/2 peak is at 71.1 eV indicating Pt is in the metallic state. Some of the Ni on 
the surface is also found in metallic state (peak at binding energy 852.5 eV) but both oxides and 
hydroxides are also detected, as indicated by the peaks at 854.1, and 855.7 eV respectively 
(Figure 2a). Further, XANES and EXAFS analysis were used to investigate whether metallic 
components of platinum and nickel are alloyed. The feature in the Pt L3 XANES spectra directly 
after the edge at approximately 11575 eV correlates to alloy formation (Figure 2b). The results of 
the Pt L3 EXAFS fit agree with the XANES analysis providing further evidence of alloy 
formation. The presence of Ni in the first shell nearest neighbor to Pt is required to achieve a 
good fit of the model to the experimental data with a Pt-Pt coordination number of 6.4 and a Pt-
Ni coordination number of 3.7 (Figure 2c-d) and absorber-scatterer distances at 2.72 Å and 2.58 
Å, respectively.  
When compared to PtNi nanowires prior to acid leaching (not shown), it becomes evident 
that mild acid leaching removed only small amount of Ni and resulted in heterogeneous 
hollowing of the catalyst structure with most of the Ni still remaining. Despite high activity of 
this catalyst in rotating disk electrode (RDE), as previously reported, remaining Ni is expected to 




Figure 3.1 Plan-view SEM (a), dark-field STEM (b), and EDS mapping for the elements as-
labeled for optimized PtNi nanowires. 
 
 
Figure 3.2 X-ray spectroscopy of the as synthesized PtNi nanowire catalyst a) Ni 2p XPS spectra 
b) Pt 4f XPS spectra c) Pt L3 XANES spectra d) Fourier transform of the k3-weighted EXAFS 
data (solid line) and first-shell fits (dashed line) of the PtNi nanowires and e) Parameters derived 
from the EXAFS fits for the Pt—Ni nanowires, including the coordination numbers (N), 
absorber-scattering atoms, interatomic distance (R), sigma squared (σ2), and the R-factor. 
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3.3.2 Electrode Characterization 
Effect of electrode composition 
The structure of PtNi nanowires in the electrocatalyst layer determines the extent of wire-to-wire 
contact – an important feature for charge transfer, void volume, and nanowire agglomeration, 
which affects mass transfer of gases and water removal. SEM of electrode fabricated from the 
ink containing PtNi nanowires, polyacrylic acid (PAA), and Nafion (Figure 3a) provides some 
information on the density and agglomeration of the nanowires, but due to the presence of 
Nafion and PAA resolution is limited. 2D TXM image shown in Figure 3c corroborates SEM, 
but provides better visualization of nanowires through the use of incident radiation that is just 
above the Ni-K absorption edge and is not efficiently absorbed by C species. Individual 
nanowires are well resolved over a large area of the electrode, from raster scanning, allowing the 
overall structure to be visualized, including areas of high and low wire density.  3D tomographic 
reconstruction of the electrode structure provides additional information. A video of the rendered 
3D volume of both electrodes can be found online in the supplemental information, meanwhile 
selected rotations of this 3D rendered volume are demonstrated in Figure 4. This electrode has 
heterogeneously dispersed nanowires where certain areas show large voids and other areas 
demonstrate significant agglomerations of the densely packed nanowires. Voids are shown to 
persist throughout the catalyst layer. 
Graphitized carbon nanofibers can be added to fuel cell electrodes to add mechanical 
strength and increase charge transport, but in the case of extended surface catalyst, GCNFs can 
also be incorporated into the electrode with the goal to improve catalyst dispersion when sprayed 
onto the Nafion membrane. To determine the effect of GCNFs on the PtNi nanowire 
electrocatalyst structure, an electrode made with PtNi nanowires, polyacrylic acid (PAA), and 
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Nafion is compared to second electrode made with PtNi nanowires, PAA, Nafion, and also 
GCNFs. For the electrode made with GCNFs, plane-view SEM of the electrocatalyst surface 
(Figure 3b) provides very limited information on the catalyst structure, with all carbon 
components impeding visualization of the catalyst layer. For this electrode, the advantage of 
TXM over SEM becomes immediately apparent as it provides better resolution of the nanowires 
(Figure 3d). It is clear in the 2D TXM images that the addition of GCNFs to the modified 
electrode results in a significantly more homogeneous distribution of PtNi nanowires within the 
catalyst layer, relative to electrode without GCNFs, without the loss of catalyst-to-catalyst 
contact. 
  The 3D rendering shown at selected rotations in Figure 6 (a video of the rendered 3D 
volume of this electrode can be found online in the supplemental information) further supports 
the conclusion: the addition of GCNFs to PtNi nanowires results in a catalyst layer with more 
homogeneously dispersed nanowires that are in contact with one another, with minimal clumping 
of nanowires and even distribution of voids (or areas containing GCNFs).  
 
Figure 3.3 SEM (a and b) and 2D TXM (c and d) of electrodes with PtNi, PAA, and Nafion (a 









Figure 3.5 Selected rotations of the 3D reconstructed electrode with PtNi nanowires, Nafion, 






Effect of Nickel leaching 
The next set of experiments was used to determine the resolution limitations of the TXM for 
studying leaching and redeposition of Ni in cycled electrodes, both ex-situ and in-situ. Electrodes 
prepared with PtNi nanowires, PAA, Nafion, and GCNF were exposed to H2SO4, to initiate 
leaching of Ni from the nanowires. Acid leaching the electrode was intended to remove Ni from 
the PtNi catalyst, mimicking the process that occurs with cycling in a functioning fuel cell. Acid 
leaching was performed at room temperature to produce milder conditions that would remove 
lower amounts of nickel from the nanowires, while maintaining integrity of the nanowire 
morphology. Acid leaching at 80 °C was anticipated to be sufficiently aggressive to cause 
removal of majority of the Ni in the template. Both acid leached electrodes were analyzed with 
2D TXM and compared to the pre-leached electrode shown in Figures 3c and 5. As a starting 
point, SEM of the electrodes (Figure 6a-b) provided little or no visual information on the 
distribution of nanowires as a function of acid leaching conditions. Next, 2D TXM imaging was 
done slightly above the Ni edge at 8355 eV, where C absorbs poorly such that the image 
intensity is related to the amount of Ni present at each pixel.  TXM imaging of the electrode 
leached at room temperature (Figure 6c) showed significant thinning of nanowires that could be 
indicative of Ni removal. 2D TXM also revealed areas with bright clumps, which we attribute to 
redeposition of the leached Ni within the volume of the electrode. To confirm TXM results, 
material was scraped off the electrode and analyzed with STEM imaging and EDS mapping. 
Elemental signals from the catalyst (Pt and Ni) are displayed as overlays with STEM and/or C 
signals, in order to show relative distribution of these elements, confirming that nanowires 
clearly remain, but with losses of Ni from the core of the nanowires (Figure 7a) 
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For the electrode exposed to harsher acid treatment (80 °C), TXM shows bright areas on 
the electrode indicating that Ni is present mainly as agglomerates/chunks. (Figure 6d). Since the 
resolution limit of our TXM set-up was reached at this point, STEM was again used to assess 
TXM capabilities and characterize the material with higher resolution. Corroborating STEM 
imaging (Figure 7b) shows that the nanowires leached at 80 °C have been broken down to 
particles and retain little resemblance to wires. EDS mapping shows that these particles are 
primarily comprised of Ni and Pt, embedded in a matrix of F, S, and C – as expected due to 
presence of Nafion and GCNFs. On closer inspection of the Ni signal (Figure 7b, Ni + STEM) 
and comparison to that of Pt (Figure 7b, Pt + STEM), it is also apparent that Ni is disbursed not 
only across the remaining nanoparticles/wires, but also faintly throughout the rest of the material. 
Such presence of Ni in the absence of Pt across the areas with GCNFs and ionomer implies that 
the Ni was digested by acid and remained dispersed within the Nafion ionomer as atomic or ionic 
clusters. Finally, quantification from EDS measurements shows very little Ni remaining in the 
electrode material after acid leaching at 80 °C (8 – 35 at. % Ni, normalized to Pt+Ni), versus the 
acid leached electrode at room temperature (~ 89 at. % Ni, normalized to Pt+Ni) and the PtNi 
nanowires prior to acid leaching (~ 95 at. % Ni, normalized to Pt+Ni). Redeposition of Ni in the 
electrode within the ionomer strongly indicate that leaching the Ni within electrode will be 
causing continuing issues with the fuel cell performance motivating investigation of strategies 
for effective removal of bulk Ni from the PtNi nanowires prior to their incorporation into the 
MEA. 
It is also important to understand whether acid leaching of the PtNi nanowires is more 
likely to remove Ni that is alloyed with Pt as oppose to unalloyed Ni from the bulk of the 
nanowires. An EXAFS and XANES analysis of the acid leached electrodes at the PtL3 edge 
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probed the effect of the acid treatments on the PtNi alloy. The decrease in the shoulder at 
approximately 11,575 eV in the XANES spectra (dashed line in Figure 8a) and the increase in 
Pt-Pt coordination number relative to that of Pt-Ni (Figure 8c) in the first shell nearest neighbors 
indicates that although the unalloyed bulk Ni is preferentially removed there is also a loss of Ni 
that was alloyed with Pt.  
The removal of alloyed Ni is an important issue effecting activity of the catalyst and 
should be further studied to identify conditions that are more likely to leach out Ni from the bulk 
without deteriorating alloyed PtNi in the extended surface catalyst. Alternatively, excessive 
leaching of Ni could be eliminated by developing synthesis routes that create hollow extended 
surfaces consisting of alloyed Pt and Ni. However, the ability to visually follow Ni leashing and 
dealloying of electrodes makes TXM in combination with EXAFS a valuable tool for 
understanding performance loss from electrocatalyst degradation.  
 
Figure 3.6 SEM (a and b) and 2D TXM (c and d) of electrodes leached in acid at room 




Figure 3.7 Dark field STEM imaging and EDS mapping of electrodes leached in acid at room 
temperature (a) and 80 ºC (b), at low and high magnification as-labeled. For all elemental 
maps/overlays, each pixel corresponds to an EDS spectrum; Pt is red, Ni is green, F is magenta, 






Figure 3.8 X-ray spectroscopy of the electrodes with PtNi, Nafion, PAA, and GCNFs untreated 
(gray), acid leached in H2SO4 at room temperature (red) and acid leached in H2SO4 at 80°C (Blue) 
a) PtL3 XANES spectra b) Fourier transform of the k3-weighted EXAFS data (solid line) and 
first-shell fits (dashed line) of the electrodes and e) Parameters derived from the EXAFS fits, 
including the coordination numbers (N), absorber-scattering atoms, interatomic distance (R), 





For extended surface catalysts to be a viable alternative to Pt nanoparticles for the ORR in 
PEMFCs, it is imperative that accurate structure-performance relationships be developed. 
Acquiring such knowledge requires extensive characterization of the catalyst material and the 
catalyst structure in its working environment. Morphology of the catalyst material is readily 
determined with SEM and STEM, but provides minimal information on the structure of the 
catalyst in the electrode electrocatalyst layer. TXM is an effective tool for visualizing the catalyst 
within the electrode structure, thus providing information complementary to data obtained with 
electron microscopy. It was clearly visible in 2D TXM inaginf and more so in 3D tomography 
that the addition of GCNFs resulted in a more homogeneously dispersed layer of PtNi 
nanowires– important for mass transport, without compromising wire-to-wire contact needed for 
charge transport. 2D TXM also provided valuable information about evolution of the distribution 
of Ni in the wires and within the electrode, with STEM imaging and elemental mapping of 
smaller, representative areas corroborating results obtained from TXM. This study made it 
apparent that acid leaching the electrode is not a viable option for Ni removal, as opposed to 
preleaching the nanowires prior to incorporation into an MEA, as Ni clearly redeposited withing 
the electrode structure and contaminated ionomer. Complementary information obtained with 
XANES and EXAFS analysis of catalyst and electrode materials quantified the extent of Pt-Ni 
alloying and provided evidence of alloy degradation. The approach discussed in this work 
provides an effective method to study the MEA’s catalyst layer and demonstrates the ability to 
apply TXM to discern the 3D extended catalyst architecture when incorporated into its working 




3.5 Experimental Section 
 Electrode preparation: The PtNi catalyst was prepared using spontaneous galvanic 
displacement, as described previously32. The PtNi was weighed into a glass vial, followed by the 
addition of water (0.26 mL/mg PtNi). This vial was then placed in a beaker filled with ice water, 
where the mixture was tip sonicated for 10 sec (QSonica Misonix S-400, 20 kHz, Amplitude = 1). 
1-propanol (0.22 mL/mg PtNi) was then added to the vial with ink containing Nafion, a 20 wt% 
Nafion solution (D2020, Ion Power; 1.5 µL/mg PtNi) was added to the vial and followed by tip 
sonication in the ice bath for 30 s and bath sonication for 30 min. For inks without Nafion, 
sonication followed the addition of 1-propanol. Tip sonication and bath sonication were repeated 
two more times followed by a final tip sonication. After sonication, a solution of polyacrylic acid 
(Mv = 4,000,000 g/mol, 0.99 wt% in water) was added followed by vortex mixing for 1 min. For 
the ink containing graphitized carbon (Tanaka Kikinzoku Kogyo, GCNF-2), carbon was added 
prior to the addition of PAA and followed by 30 sec of tip sonication and 30 min of bath 
sonication. The inks were sprayed onto 25 µm thick conductive Kapton using a Sono-tek spray 
system with an Accumist ultrasonic nozzle. The Kapton was held in place on a porous aluminum 
vacuum table heated to 80 ˚C. The liquid flow rate was 0.15 or 0.3 mL/min depending on the ink 
as some inks clogged the nozzle at 0.15 mL/min. The translational speed of the spray system was 
50 mm/s. 
Electron microscopy: Electrodes were evaluated as-received via SEM by cutting small areas off 
the electrodes and mounting them with carbon tape onto an aluminum stub. For TEM analysis of 
catalyst, nanowires were brushed directly onto Cu TEM grids with holey C support films, while 
for analysis of electrodes, material on the electrodes was mechanically exfoliated before 
depositing it on the TEM grid using procedure described above. SEM imaging was performed on 
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a JEOL JSM-7000F SEM operated at 15 kV. STEM analysis was conducted on an FEI Talos 
F200X operated at 200 kV, with chemiSTEM detector for EDS. Bruker Esprit software was used 
to collect and analyze EDS hypermap data, with collection times of 10 - 20 minutes and each 
pixel corresponding to an elemental spectrum. 
XPS data collection and analysis: The as synthesized PtNi nanowires were pressed on non-
conductive tape for XPS acquisition. XPS was completed on a Kratos Axis Nova X-ray 
photoelectron spectrometer with a monochromatic Al Kα source operated at 300 W, providing 
charge neutralization. CasaXPS software was used for data analysis with all spectra aligned to Pt 
at 71.1 eV, using Shirley background for Pt 4f and Ni 2p and linear background for C 1s and O1s 
spectra..  
XAS data collection and analysis: XANES and EXAFS spectra were completed at the Stanford 
Synchrotron Radiation Lightsource, beamline 4-1 at the Pt L3 edge using a Ge array fluorescence 
detector. The as synthesized PtNi nanowires were mounted between two layers of kapton tape 
and MEAs were mounted on one layer of kapton tape. A Pt foil reference was collected in the 
transmittance mode simultaneously with all samples. Three scans were averaged for each sample. 
Athena was used for all data processing including normalization, calibration, and alignment 
Artemis was used for all EXAFS fitting with a k-range 3-12.105 Å-1. 
Sample preparation for TXM: For electrode imaging, a corner of the prepared electrode was cut 
and clipped, perpendicular to the incident beam, to the sample holder. For TXM-XANES of the 
PtNi nanowires, the nanowires were put into a glass capillary which was vibrated by rubbing 
gently with a screw until the nanowires were sufficiently dispersed in the capillary tube to allow 
for imaging of single wires. 
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TXM data collection and analysis: All TXM imaging and TXM-XANES data were collected at 
the Stanford Synchrotron Radiation Lightsource (SSRL), SLAC National Accelerator Laboratory 
beamline 6-2. Details on the instrumentation, experiment set-up, and data analysis have 
previously been reported110-112. The electrodes were imaged only at 8355 eV to conserve beam 
time. The pixel size, with a binning of 2, at this energy is 35 nm. The field of view is 30 microns 
but this was increased with mosaic imaging, or raster scanning. For 2D imaging, each electrode 
was imaged with a 3x3 mosaic with a 30 % overlap of each “tile” or field of view. Five images 
with 0.5 s exposure time each were averaged for each tile. 20 reference images with 0.5 s 
exposure time were taken and averaged for every 1250 exposures of the sample. For 3D 
tomography, each electrode was imaged with a 1x3 mosaic at every degree for 180 degrees (the 
sample was rotated) with a 30% overlap of each “tile” or field of view. Five images with 0.5 s 
exposure time each were averaged for each tile and 20 reference images each with a 0.5 s 
exposure time were taken and averaged at the start of the experiment and after every 36 degrees. 
All data processing was carried out using the TM Wizard software112 including subtracting the 
references from each image, averaging the images, magnification correction, aligning or 
“stitching” together the mosaic tiles, and tomographic reconstruction using iART with 20 
iterations as well as handling all XANES analysis. Avizo 9.1 was used for 3D visualization and 





CHAPTER 4  
ELUCIDATION OF THE SURFACE COMPOSITION OF EXTENDED SURFACE IrNi AND 
IrCo NANOWIRE CATALYSTS USING X-RAY PHOTOELECTRON SPECTROSCOPY 
 
4.1 Introduction 
4.1.1 Background and Motivation 
 Approximately 50 million tons of H2 are produced annually, mainly for upgrading crude oil 
or ammonia production for agricultural use113. Currently, industrial scale hydrogen production is 
through steam reforming fossil fuels which results in low purity hydrogen, produces CO and 
CO2, and increases our reliance on fossil fuels
114. The demand for hydrogen is expected to 
increase  
with the development of hydrogen fuel cell vehicles and with the continuous growth in 
agricultural demands. Electrolysis is a promising, and greener, approach for pure hydrogen 
generation. Essentially, in its simplest form, electrolysis passes a current between two electrodes 
to split water generating hydrogen and oxygen – the reverse of a fuel cell. Electrolyzer’s MEAs, 
like fuel cells, consist of an anode and cathode and an electrolyte. Also like fuel cells, how 
electrolyzers function is largely dependent on the electrolyte and they are classified 
accordingly115. 
Alkaline electrolyzers typically use KOH and NaOH as the electrolyte. Hydrogen 
generation occurs at the cathode where water splits into hydrogen and hydroxide ions (H2O +2e
- 
à H2 + OH
-). The hydroxide ions move through the electrolyte to the anode where oxygen and 
water are generated (4OH- à O2 + 2H2O). Alkaline electrolyzers are the most established 
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technology and readily commercially available, but suffer from lower efficiency and so have 
higher current input requirements116, 117.   
Solid oxide electrolyzers utilize the same electrolyte as their fuel cell counterparts, solid 
oxide fuel cells, and operate in much the same way as alkaline electrolyzers but at elevated 
temperatures. Solid oxide electrolyzers are more efficient than alkaline electrolyzers when only 
taking electrical input into account; however, their efficiencies drop significantly when the 
thermal source is also considered and have challenges with corrosion and mechanical issues, 
such electrode  cracking 116.  
Proton exchange membrane (PEM) electrolyzers have benefitted directly from advances 
in their fuel cell counterpart and are nearing commercialization117. Water decomposes into 
protons and oxygen (H2O à 2H
+ + 1/2O2 + 2e
−) at the anode through a metal adsorbed hydroxyl 
intermediate54. The protons move through the membrane and recombine at the cathode (2H+ + 
2e− à  H2). PEM electrolyzers are more efficient then alkaline electrolyzers and do not have the 
mechanical challenges plaguing solid oxide electrolyzers, but their high cost, in large part due to 
noble metal catalysts, is a major challenge to wide spread commercialization. Kinetically, the 
oxygen evolution reaction (OER) at the anode is five time slower than the hydrogen evolution 
reaction (HER) at the cathode. A major focus in PEM electrolyzer research is on reducing 
catalyst cost by developing catalyst with higher activity and improved durability to decrease the 
required catalyst loading -  including the work presented herein.  
 
4.1.2 Electrocatalysts for the OER in PEM Electrolyzers 
 Compared to the research pursuing improved PEM fuel cells ORR catalysts, there is limited 
research on PEM OER catalysts114; however, research is on-gong and significant progress has 
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been made. Iridium (Ir) and ruthenium (Ru) catalysts have the highest OER activities, with Ru 
being the more active of the two. Because Ru corrodes rapidly under working conditions while Ir 
is stable, Ir is the leading OER catalyst.  It is generally accepted that the harsh environment of 
the PEM electrolyzer anode requires the stability of noble metal catalysts114, 118, and so the 
direction of current research is focused on increasing the activity of Ir rather than on replacing Ir 
with less stable non-noble metal or non-noble metal oxide catalysts.  
 Experimental work has found that IrO2 is more active than Ir metal
119-121 and that 
hydroxylated amorphous Ir oxides are more active than either Ir metal or IrO2
118, 122. Further, it 
has been demonstrated experimentally and computationally123 that alloying Ir with non-noble 
transition metal, such as Ni or Cu, increases activity124, 125 by altering the oxygen and hydroxyl 
binding strength at the catalyst surface. Recent work found a direct correlation between 
hydroxylation and activity118. 
Similarly to PEMFCs, extended surface catalysts have demonstrated improved 
performance and durability at lower Ir loadings than conventional Ir catalysts126 including IrO2 
nanotubes127, oxidized Ir nanodendrites128, and 3M’s Ir coated whiskers NSTF catalyst126. In this 
work, extended surface IrNi and IrCo nanowires are synthesized to merge the previously 
demonstrated gains in activity from alloying Ir to non-noble transition metals and generating 
extended surface Ir catalysts.  
 
4.1.3 XPS Analysis of Ir  
 Recent work has found that the extent of IrO2 surface hydroxylation is correlated to OER 
activity demonstrating the necessity of determining surface speciation for understanding catalytic 
activity118. XPS is an effective tool for determining surface speciation. In the Ir 4f spectra, Ir 
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metal is typically found in the range of 60.6-61.0 eV, IrIV in the broader range between 61.1 and 
62.1, and IrIII at binding energies approximately 0.6 eV higher than those reported for IrIII. 
However, deconvoluting the Ir 4f spectra is challenging and prone to error due to significant 
overlap in component peaks arising from different oxide, hydroxide, and hydrous surface 
species129, 130. Higher energy peaks also associated with Ir oxide further complicate analysis131.  
Deconvoluting the O1s spectra is more straightforward and has been used effectively to 
infer Ir speciation. Augustynski et al. used potential cycling ex-situ to generate oxide films of 
varying thickness on Ir132, as did Kötz et al.129, and deconvoluted the O1s spectra to analyze the 
changes in Ir oxide and hydroxide species. In similar work, Geiger et al., grew oxide films on Ir 
through oxygen annealing at increasing temperature up to 600°C130. Casalongue et al. carried out 
an in-situ XPS study of Ir oxide nanoparticles under OER conditions in an electrochemical 
cell133. Reier et al. characterized Ir-Ni oxide catalysts with varying amounts of Ni ex-situ before 
and after potential cycling118. In all the studies, the O1s spectra was deconvoluted into three 
component peaks: oxide, hydroxide, and water/organic peak with the oxide and hydroxide being 
associated directly with Ir oxide and hydroxide. The assigned hydroxyl peaks were broad 
indicating that multiple hydroxide species contributed to the peak, but there was no further 
attempts at deconvolution. Reier et al. did assign the Ir oxide peak at a higher binding energy 
than the bridging Ir-Ni oxide peak, but also did not further deconvolute the hydroxide peak. 
 To accurately assign Ir species from the O1s spectra of bimetallic Ir catalysts, it is necessary 
to separate out the contributions of Ir from those of the non-noble metal.  Deconvoluting the 
peak associated with Ir hydroxide would allow inferences into the amorphous nature of the 
surface to be made – additional peaks indicating more hydroxy or hydrous surface species. The 
large sample set in this work allowed for an unprecedented detailed XPS analysis where not only 
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were the Ni and Ir species separately assigned, the Ir hydroxide peak was deconvoluted into three 
separate peaks suggesting presence of several types of species. 
 
4.2 Synthesis and Characterization of IrNi and IrCo Nanowires 
4.2.1 Synthesis of IrNi and IrCo Nanowires 
Building on the work with PtNi and PtCo nanowires for the ORR in PEM fuel cells31, 32, IrNi 
and IrCo nanowires were synthesized via spontaneous galvanic displacement using Ni and Co 
nanowire templates126. With the understanding that the non-noble metal and the extent of Pt 
displacements have varying effects on catalyst activity, IrNi nanowires with 4.2, 67.6, and 99.8 
atomic percent Ir and IrCo nanowires with 9.3, 53.3, and 80 atomic percent Ir were produced. 
 
4.2.2 Microscopy Analysis of IrNi and IrCo Nanowires 
From the TEM imaging and EDS map in figure 4.1, the overall nanowire morphology and Ir 
extended surface is evident, but there are clear differences between the IrNi and IrCo nanowires. 
The IrNi nanowires are heterogeneous in length and diameter, but are smoother (figure 2.1a). 
IrCo has a much rougher surface (figure 2.2a). From the higher magnification TEM and EDS 
maps, it appears that the Ir is homogeneously dispersed on both Ni and Co (figures 2.1 and 2.2 b 
and c). 
 
Figure 4.1 As synthesized IrNi nanowires a) low magnification TEM b) high magnification TEM 





Figure 4.2 As synthesized IrCo nanowires a) low magnification TEM b) high magnification 
TEM and c) EDS map with Ir (red) and Ni (green).  
   
4.2.3 Post-modification of IrNi and IrCo Nanowires 
As with PtNi nanowires, dissolution and leaching of Ni/Co may  deteriorate performance in a 
functioning electrolyzer. To investigate this, the IrNi and IrCo nanowires were leached ex-situ in 
sulfuric acid. From ICP-MS, a majority of the Ni/Co was removed with final Ir composition 
greater than 90% regardless of initial composition. 
 
Table 4.1 Ir wt% and Oxide to Hydroxide Ratio for As Synthesized IrNi Nanowires 
IrNi 
 As synthesized Ir wt% Leached Ir wt% Ir hydroxide:Ir oxide at% 
9.3 90.5 0.34 
52.3 98.3 0.78 
82 97.5 0.14 
 




Leached Ir wt% 
ICP-MS 
Ir hydroxide:Ir oxide at% 
XPS  
4.3 93.6 0.39 
67.6 96.3 0.03 





4.2.4 XPS Analysis   
Figure 4.3 provides the high-resolution XPS Ir 4f spectra for the as synthesized IrNi 
nanowires and for the IrNi nanowires after acid leaching. For all IrNi samples, the Ir 4f peak at 
62.2-62.0 eV (figure 4.3) is indicative of mixed oxide and hydroxide species, with shifts to lower 
binding energy indicating an increase in oxide species. It should be noted that the shoulder 
between 67 and 70 eV is interference from Ni 3p. The fitted O1s spectra provide further 
information on Ir speciation (figure 4.5). The peaks at 529.6 and 530.5 eV are assigned to Ni 
oxide and Ir oxide, respectively. Peak at 531.26 eV is assigned to Ni hydroxide while the peaks 
at 531.7, 532.08, and 532.4 eV are assigned to Ir hydroxide species, and the higher energy broad 
peak at approximately 533.3 eV is assigned to water and oxygen-containing organic species in 
line with reported literature values129, 130, 133, 134. The assignment of the Ir oxide and hydroxide 
peaks are supported by the settle shifts in the Ir 4f spectra. Table 4 provides the ratio of Ir oxide 
to Ir hydroxide species calculated from the XPS component quantification (determined from the 
peak areas associated with each species).  An increase in the Ir oxide peak area relative to the 
hydroxide peak in the O1s spectra has an accompanying shift to lower binding energy in its 
corresponding Ir 4f spectra. It is evident in the multiple peaks required to account for Ir 
hydroxide species that the sample surfaces are dominated by a mix of hydroxide species, likely 
amorphous in nature due to lack of crystalline oxide phases in x-ray diffraction (XRD). From the  
Ni 2p spectra (figure 4.4), with increasing Ir displacement, there is a decrease in amount of Ni 
metal at 852.5 eV and NiO at approximately 854 eV relative to amount of Ni hydroxide, 
indicating that Ir either covers or preferentially replaces metallic Ni and Ni oxide species83. The 
increase in hydroxide species is further evident in the O1s spectra. From the O1s spectra, acid 
leaching results in an Ir hydroxide dominated surface relative to oxides. In the Ir 4f a lower 
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binding energy peak assigned to Ir metal becomes more prevalent likely from surface dissolution 





Figure 4.3 Ir 4f XPS spectra of the IrNi nanowires with as synthesized Ir composition (wt % Ir) 




Figure 4.4 Ni 2p XPS spectra of the IrNi nanowires with as synthesized Ir composition (wt % Ir) 




Figure 4.5 O1s XPS spectra (solid black) and fit (gray dashed) of the IrNi nanowires with as 
synthesized Ir composition (wt % Ir) 4.2 top, 67.6 middle, and 99.8 bottom of the a) as 
synthesized nanowires and b) acid leached nanowires. Components from fitting include Ir oxide 
(dark red), Ir hydroxide species (pink), Ni oxide (dark green), Ni hydroxide (light green), and 
water/organics (blue). 
 
Similar to IrNi, the Ir 4f peak position in the IrCo samples (figure 4.6) at approximately 62.2 
eV, indicates a mix of oxide and hydroxide species129, 130, 133, 134. In the sample with the least 
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amount of Ir, the small shift to a slightly lower binding energy is indicative of increased Ir oxide 
relative to Ir hydroxide species, which is confirmed with the O1s spectra where 529.76 eV peak 
is assigned to Co oxide, peak at 531.1 eV is assigned to Co hydroxide, and the peaks associated 
with Ir species are consistent with those in the IrNi samples. As with IrNi, an increase in the Ir 
oxide peak area relative to the hydroxide peak in the O1s spectra (reported in table 4.2) has an 
accompanying shift to lower binding energy in its corresponding Ir 4f spectra supporting the Ir 
related peak assignments in the O1s spectra. In the XPS analysis of Co 2p (figure 4.7), the shifts 
in the main peak to higher binding energy as well as the changes in shape of the satellite peak 
located between 793 eV and 784 eV observed in samples with increased Co displacement are 
evidence of a transition from a surface that contains a mix of cobalt oxide (Co3O4) and hydroxide 
species to a surface dominated by hydroxides135, as further confirmed by the decrease in Co 
oxide species in the O 1s spectra. 
 
4.2.5 Electrochemical Analysis 
 It was found that increasing Pt displacement improved the specific activity of IrNi 
nanowires but decreased the specific activity of the IrCo nanowires, although activity remained 
high compared to current standards. IrNi and IrCo samples with lower Ir loadings demonstrated 
highest mass activities. The as synthesized IrNi and IrCo nanowires had specific activities 
several fold higher than Ir nanoparticles, and at lower loadings, had mass activities with nearly a 
10-fold increase over that of Ir nanoparticles. The increase in activity can be explained by two 
factors: 
1. The catalyst has an extended Ir surface 
2. The surface is hydroxyl dominated 
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The extended Ir surface is visible in the IrNi and IrCo EDS maps, figures 4.1 and 4.2c 
respectively. Work described previously herein, and in literature, has found properties intrinsic to 
the extended surface increase specific activity and durability. Further, most of the Ir (oxide or 
hydroxide) is on the surface and accessible for catalysis explaining the high mass activity. Tables 
2.1 and 2.2 provide the ratio of oxide to hydroxide on the surface, from which it is evident that 
there is a greater atomic percent of hydroxyl species relative to oxide. The dominance of Ir 
hydroxide species relative to Ir oxide is qualitatively evident in the O1s spectra in figures 4.5 and 
4.8a where the combined area of component peaks assigned to Ir hydroxide species are clearly 
larger than the Ir oxide peak. Previous work in the literature, as described above, has found that 
surface hydroxyls are significantly more reactive for the OER than either Ir metal or Ir oxide118.  
 Durability testing in RDE revealed substantial loss of the non-noble Ni or Co transition 
metal (40-70% from ICP-MS analysis). IrNi nanowires with low as synthesized Ir content were 
the exception with less than 1% Ni loss, possibly attributable to a NiO surface layer inferred 
from the higher energy NiO contribution at 854 eV in the Ni 2p spectra (figure 4.4a top) and the 
corresponding large Ni oxide component contribution in the O1s spectra (figure 4.5a top).  
 Acid leaching was carried out to remove bulk Ni or Co preventing in-operando dissolution 
and leaching. RDE testing after acid leaching found only minimal changes to specific and mass 
activity, in stark contrast to the PtNi nanowires which had substantial losses to activity when 
exposed to sulfuric acid. With PtNi nanowires the PtNi alloy was imperative for increases in 
specific activity and leaching in sulfuric acid deteriorated the PtNi alloy resulting in performance 
losses. The specific activity of IrNi and IrCo on the other hand, was found to be dependent on the 








Figure 4.6 Ir 4f XPS spectra of the IrCo nanowires with as synthesized Ir composition (wt % Ir) 







Figure 4.7 Co 2p XPS spectra of the IrCo nanowires with as synthesized Ir composition (wt % Ir) 





Figure 4.8 O1s XPS spectra (solid black) and fit (gray dashed) of the IrCo nanowires with as 
synthesized Ir composition (wt % Ir) 4.2 top, 67.6 middle, and 99.8 bottom of the a) as 
synthesized nanowires and b) acid leached nanowires. Components from fitting include Ir oxide 




As synthesized IrNi and IrCo nanowires synthesized via spontaneous galvanic displacement 
of the Ni or Co nanowire templates with Ir had high specific and mass activities. It is clear from 
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the XPS analysis that the IrNi and IrCo nanowires have an amorphous Ir hydroxide dominated 
surface explaining their high initial activity. The Ir hydroxide species remained after harsh acid 
leaching explaining the retention of high activity after acid exposure. The large data set allowed 
to propose assignments of O 1s components. The analysis methods described herein and the peak 
assignments for the O1s component will guide future work, allowing for further refinements in Ir 






CHAPTER 5  
SUMMARY AND FUTURE WORK 
 
5.1 Summary 
 Extended surface PtNi nanowire catalysts are a promising alternative to the current state of 
the art Pt-based nanoparticles for the ORR in PEMFCs. Spontaneous galvanic displacement of 
Ni nanowires with Pt resulted in active catalysts, relative to Pt nanoparticles, from 
electrochemical testing in a rotating disk electrode. Post-synthesis treatments were carried out to 
further increase activity and improve catalyst durability. 
 Extensive characterization of the PtNi nanowires was required to understand the chemical 
composition and morphology of the as synthesized PtNi nanowires and the effect of post-
synthesis treatments. For further catalyst development, it is imperative that the effect of catalyst 
properties on activity be fundamentally understood. Electron microscopy was utilized to study 
the PtNi nanowire morphology and EDS mapping was effective for visualizing the Pt structure. 
However, other methods were required to understand the Pt and Ni chemical speciation and 
extent of Pt-Ni alloying in the as synthesized nanowires and after each post-synthesis treatment -  
including XPS, XAS, and TXM.   
 From TEM, SEM, and EDS, SGD did result in Pt displacing Ni on the nanowire template 
surface. The Pt was deposited in agglomerates and not as a homogeneous extended surface. XPS 
analysis determined that Pt was in the metallic state while Ni was a mix of metallic Ni, oxide, 
and hydroxide species. From the XAS, there was no significant alloying of Ni and Pt. The 
specific activity and ECSA of the Pt was high relative to PtNi nanowires, but generating a 
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homogeneous extended Pt surface on the Ni nanowires and alloying the two metals was an 
evident pathway for further increasing activity. For this purpose, hydrogen annealing at 
increasing temperatures was carried out. Specific activity increased continuously with increasing 
temperature while mass activity peaked at 250°C then decreased. XPS analysis found that Pt on 
the surface, relative to Ni, decreased with increasing temperature and Ni metal relative to 
hydroxide species increased. These results strongly indicated that at higher temperatures Pt is 
incorporated into the Ni core and no longer accessible for catalysis, explaining the drop in mass 
activity. XAS analysis found increasing alloy formation with annealing temperature, explaining 
the continuous increase in specific activity. TEM and EDS mapping confirmed extended surface 
formation at 250°C and, collaborating the XPS conclusions, Pt incorporation into the Ni wire 
core at higher temperatures. The EDS results explained the peak in mass activity at 250°C. 
Without the multi-technique characterization employed here, the effect of hydrogen annealing on 
catalyst properties and the correlation to activity would not be fully elucidated.  
To mitigate Ni dissolution, the PtNi nanowires were leached ex-situ. It was found that 
weak acid treatments removed only limited amounts of surface Ni and had a negligible effect on 
durability. Strong acid treatments successfully removed bulk Ni, but also removed alloyed Ni 
and resulted in loss of wire integrity and loss of catalytic activity. These catalysts had high 
durability but poor activity. The moderate 0.1M nitric acid treatment was kinetically optimum 
with improved durability and minimal loss to activity. Except for one outlier (1.0M nitric acid), 
Ni removal correlated to acid strength. The extent of bulk Ni removal was inferred qualitatively 
from TEM images and EDS mapping. Surface Ni removal was determined quantitatively with 
XPS and was found to decrease relative to Pt with increasing acid strength, aside from the 
outlier. XPS was also used to study the effect of the acid treatments on surface Ni and Pt 
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composition. Importantly, the acid treatments did not alter the Pt surface chemistry. The Ni 
composition did change with an increasing contribution from Ni metal to the Ni 2p spectra 
relative to the Ni hydroxide species. From the XPS results, it can be inferred that Ni hydroxides 
are preferentially leached.  
Oxygen annealing at 175°C further increased durability. XPS analysis confirmed that 
oxygen annealing did not oxidize Pt explaining the retention of activity, but did result in NiO on 
the surface. Improved durability is in line with previous work that demonstrated that surface 
oxide mitigates Ni dissolution.   
 Electrochemical testing in a RDE provides information about kinetic activity but does not 
account for mass transport limitations. The activity of an extended surface catalyst is largely 
dependent on the electrode catalyst layer structure, including wire to wire contact which will 
affect charge transfer and void volume which will in turn affect mass transport. Understanding 
catalyst behavior in its working environment is essential for further development of efficient 
catalysts. Therefore, like any other class of novel electrocatalytic materials, extended surface 
catalysts require extensive characterization of the catalyst material and the electrode catalyst 
layer under relevant working conditions. In this work, TXM in conjunction with EXAFS was 
demonstrated to be an effective method for electrode characterization. TXM allowed the catalyst 
layer structure to be visualized while the extent of Pt-Ni alloying was determined with the 
EXAFS analysis. Two sets of electrodes were studied. The first set contained one electrode 
prepared with PtNi nanowires, PAA, and Nafion and a second electrode fabricated with PtNi 
nanowires, PAA, and Nafion plus the addition of graphitized carbon nanofibers. Electron 
microscopy provided only minimal information on the catalyst layer structure, while TXM 2D 
imaging and 3D tomography provided clear visualization. It is evident that the addition of 
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GCNFs results in a much more homogeneous distribution of PtNi nanowires without 
compromising wire to wire contact. The second set of electrodes contained PtNi nanowires, 
PAA, Nafion, and GCNFs. One electrode was untreated, one acid leached in sulfuric acid at 
room temperature and one leached at 80°C. Acid leaching forced Ni dissolution mimicking 
processes that may occur during fuel cell operation. Although the resolution limit of the TXM 
was reached due to the low concentration of Ni and Pt, making tomographic reconstructions 
impossible, from the 2D images Ni removal from the nanowires and areas of redeposition on the 
electrode were demonstrated.  Importantly, this work motivates     in-operando TXM imaging 
studies for further elucidation of processes occurring in the catalyst layer made with PtNi 
catalysts.   
 Extended surface IrNi and IrCo nanowires were synthesized via spontaneous galvanic 
displacement and found to have high activity and durability for the OER for hydrogen production 
through electrolysis. In contrast to PtNi nanowires, harsh ex-situ acid leaching did not deteriorate 
activity. The activity of PtNi for the ORR is dependent on Pt remaining metallic, accessible, and 
alloyed to Ni. The activity of Ir for the OER was found to be correlated to the extent of surface 
hydroxylation. The large IrNi and IrCo sample set allowed for an extensive XPS analysis and 
detailed assignment of O 1s components.  Not yet reported in the literature for Ir-M (M=Co or 
Ni) catalysts. From the XPS result, it was clear that the Ir surface was hydroxyl dominated and 







5.2 Future Work 
5.2.1 Catalyst optimization: 
The optimum acid treatment for PtNi nanowires (0.1M nitric acid) is inadequate for use in a 
functioning fuel cell. The bulk Ni remaining will contaminate the MEA and deteriorate 
performance. A more effective route for removal of the bulk Ni while leaving the Pt-Ni alloy and 
wire morphology in-tact needs to be developed. 
5.2.2 Development of Characterization Methods 
The minimal Ni concentration in the PtNi nanowire catalysts necessary to MEA performance 
is below the resolution of the transmission x-ray microscope utilized for this work. The 
instrument is essentially detector limited. To proceed with imaging the electrode catalyst layer, 
an x-ray microscope with a multi element fluorescence detector is necessary and will provide the 
required resolution. As with the transmission x-ray microscope, in-situ and in-operando 
experiments are readily set-up once an appropriate reactor cell is built. It will be important to 
understand how conditioning and durability testing effects the Pt-Ni alloy and changes the 
catalyst layer structure. Initial ex-situ experiments followed by in-operando studies will provide 
invaluable information that will guide further optimization of catalyst layer in the MEA.  
 To further develop Ir-based catalyst for the OER in electrolyzers, the reaction mechanism 
must be elucidated and active intermediate species identified. It is known that the chemical 
speciation of the catalyst will change rapidly under the harsh working conditions of the 
electrolyzer; however, the work herein, and numerous studies in the literature, have found that 
the chemical speciation of the as-synthesized Ir catalysts does significantly impact activity. It is 
likely that the propensity of the active surface Ir to form Ir hydroxide is correlated to activity. In-
situ XPS and in-situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) 
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studies comparing IrM (M=Ni or Co) catalysts to Ir metal and IrO2 will allow the extent and role 







1. Kirubakaran, A.; Jain, S.; Nema, R. K., A review on fuel cell technologies and power 
electronic interface. Renewable & Sustainable Energy Reviews 2009, 13 (9), 2430-2440. 
 
2. Carrette, L.; Friedrich, K. A.; Stimming, U., Fuel cells: Principles, types, fuels, and 
applications. Chemphyschem 2000, 1 (4), 162-193. 
 
3. Sammes, N.; Bove, R.; Stahl, K., Phosphoric acid fuel cells: Fundamentals and applications. 
Current Opinion in Solid State & Materials Science 2004, 8 (5), 372-378. 
 
4. Gulzow, E., Alkaline Fuel Cells. Fuel Cells 2004, 4 (4), 251-255. 
 
5. Kulkarni, A.; Giddey, S., Materials issues and recent developments in molten carbonate fuel 
cells. Journal of Solid State Electrochemistry 2012, 16 (10), 3123-3146. 
 
6. Mahato, N.; Banerjee, A.; Gupta, A.; Omar, S.; Balani, K., Progress in material selection for 
solid oxide fuel cell technology: A review. Progress in Materials Science 2015, 72, 141-337. 
 
7. Borup, R.; Meyers, J.; Pivovar, B.; Kim, Y. S.; Mukundan, R.; Garland, N.; Myers, D.; 
Wilson, M.; Garzon, F.; Wood, D.; Zelenay, P.; More, K.; Stroh, K.; Zawodzinski, T.; Boncella, 
J.; McGrath, J. E.; Inaba, M.; Miyatake, K.; Hori, M.; Ota, K.; Ogumi, Z.; Miyata, S.; Nishikata, 
A.; Siroma, Z.; Uchimoto, Y.; Yasuda, K.; Kimijima, K. I.; Iwashita, N., Scientific aspects of 
polymer electrolyte fuel cell durability and degradation. Chemical Reviews 2007, 107 (10), 3904-
3951. 
 
8. Debe, M. K., Electrocatalyst approaches and challenges for automotive fuel cells. Nature 
2012, 486 (7401), 43-51. 
 
9. Swanson, J. M. J.; Maupin, C. M.; Chen, H. N.; Petersen, M. K.; Xu, J. C.; Wu, Y. J.; Voth, 
G. A., Proton solvation and transport in aqueous and biomolecular systems: Insights from 
computer simulations. Journal of Physical Chemistry B 2007, 111 (17), 4300-4314. 
 
10. Petersen, M. K.; Voth, G. A., Characterization of the solvation and transport of the hydrated 
proton in the perfluorosulfonic acid membrane nafion. Journal of Physical Chemistry B 2006, 
110 (37), 18594-18600. 
 
11. Li, X. L.; Faghri, A., Review and advances of direct methanol fuel cells (DMFCs) part I: 
Design, fabrication, and testing with high concentration methanol solutions. Journal of Power 
Sources 2013, 226, 223-240. 
 
12. Compare Fuel Cell Vehicles. https://www.fueleconomy.gov/feg/fcv_sbs.shtml. 





14. Norskov, J. K.; Rossmeisl, J.; Logadottir, A.; Lindqvist, L.; Kitchin, J. R.; Bligaard, T.; 
Jonsson, H., Origin of the overpotential for oxygen reduction at a fuel-cell cathode. Journal of 
Physical Chemistry B 2004, 108 (46), 17886-17892. 
 
15. Jaksic, J. M.; Ristic, N. M.; Krstajic, N. V.; Jaksic, M. M., Electrocatalysis for hydrogen 
electrode reactions in the light of Fermi dynamics and structural bonding factors - I. Individual 
electrocatalytic properties of transition metals. International Journal of Hydrogen Energy 1998, 
23 (12), 1121-1156. 
 
16. Knözinger, H.; Department Chemie, U. M., Butenandtstr. 5 – 13 (Haus E) München 
Germany; Kochloefl, K.; Germany, S. R.; Knözinger, H.; Kochloefl, K., Heterogeneous 
Catalysis and Solid Catalysts. Wiley VCH Verlag GmbH & Co. KGaA: 2017. 
 
17. Holton, O. T.; Stevenson, J. W., The Role of Platinum in Proton Exchange Membrane Fuel 
Cells Evaluation of platinum's unique properties for use in both the anode and cathode of a 
proton exchange membrane fuel cell. Platinum Metals Review 2013, 57 (4), 259-271. 
 
18. Sheng, W. C.; Gasteiger, H. A.; Shao-Horn, Y., Hydrogen Oxidation and Evolution 
Reaction Kinetics on Platinum: Acid vs Alkaline Electrolytes. Journal of the Electrochemical 
Society 2010, 157 (11), B1529-B1536. 
 
19. Asara, G. G.; Paz-Borbón, L. O.; Baletto, F., “Get in Touch and Keep in Contact”: Interface 
Effect on the Oxygen Reduction Reaction (ORR) Activity for Supported PtNi Nanoparticles. 
2016. 
 
20. Ferreira, P. J.; la O, G. J.; Shao-Horn, Y.; Morgan, D.; Makharia, R.; Kocha, S.; Gasteiger, 
H. A., Instability of Pt/C electrocatalysts in proton exchange membrane fuel cells - A 
mechanistic investigation. Journal of the Electrochemical Society 2005, 152 (11), A2256-A2271. 
 
21. Darling, R. M.; Meyers, J. P., Kinetic model of platinum dissolution in PEMFCs. Journal of 
the Electrochemical Society 2003, 150 (11), A1523-A1527. 
 




23. Wu, J. B.; Yang, H., Platinum-Based Oxygen Reduction Electrocatalysts. Accounts of 
Chemical Research 2013, 46 (8), 1848-1857. 
 
24. Strasser, P., DEALLOYED CORE-SHELL FUEL CELL ELECTROCATALYSTS. Reviews 
in Chemical Engineering 2009, 25 (4), 255-295. 
 
25. Stamenkovic, V.; Schmidt, T. J.; Ross, P. N.; Markovic, N. M., Surface composition effects 
in electrocatalysis: Kinetics of oxygen reduction on well-defined Pt3Ni and Pt3Co alloy surfaces. 




26. Stamenkovic, V. R.; Fowler, B.; Mun, B. S.; Wang, G. F.; Ross, P. N.; Lucas, C. A.; 
Markovic, N. M., Improved oxygen reduction activity on Pt3Ni(111) via increased surface site 
availability. Science 2007, 315 (5811), 493-497. 
 
27. Stamenkovic, V. R.; Mun, B. S.; Arenz, M.; Mayrhofer, K. J. J.; Lucas, C. A.; Wang, G. F.; 
Ross, P. N.; Markovic, N. M., Trends in electrocatalysis on extended and nanoscale Pt-bimetallic 
alloy surfaces. Nature Materials 2007, 6 (3), 241-247. 
 
28. Strasser, P.; Koh, S.; Anniyev, T.; Greeley, J.; More, K.; Yu, C. F.; Liu, Z. C.; Kaya, S.; 
Nordlund, D.; Ogasawara, H.; Toney, M. F.; Nilsson, A., Lattice-strain control of the activity in 
dealloyed core-shell fuel cell catalysts. Nature Chemistry 2010, 2 (6), 454-460. 
29. Debe, M. K.; Atanasoski, R. T.; Steinbach, A. J., Nanostructured Thin Film Electrocatalysts 
- Current Status and Future Potential. In Polymer Electrolyte Fuel Cells 11, Gasteiger, H. A.; 
Weber, A.; Narayanan, S. R.; Jones, D.; Strasser, P.; SwiderLyons, K.; Buchi, F. N.; Shirvanian, 
P.; Nakagawa, H.; Uchida, H.; Mukerjee, S.; Schmidt, T. J.; Ramani, V.; Fuller, T.; Edmundson, 
M.; Lamy, C.; Mantz, R., Eds. 2011; Vol. 41, pp 937-954. 
 
30. Debe, M. K., Nanostructured Thin Film Electrocatalysts for PEM Fuel Cells - A Tutorial on 
the Fundamental Characteristics and Practical Properties of NSTF Catalysts. Tutorials on 
Electrocatalysis in Low Temperature Fuel Cells 2012, 45 (2), 47-68. 
 
31. Alia, S. M.; Pylypenko, S.; Neyerlin, K. C.; Cullen, D. A.; Kocha, S. S.; Pivovar, B. S., 
Platinum-Coated Cobalt Nanowires as Oxygen Reduction Reaction Electrocatalysts. Acs 
Catalysis 2014, 4 (8), 2680-2686. 
 
32. Alia, S. M.; Larsen, B. A.; Pylypenko, S.; Cullen, D. A.; Diercks, D. R.; Neyerlin, K. C.; 
Kocha, S. S.; Pivovar, B. S., Platinum-Coated Nickel Nanowires as Oxygen-Reducing 
Electrocatalysts. Acs Catalysis 2014, 4 (4), 1114-1119. 
 
33. Du, S. F., A Facile Route for Polymer Electrolyte Membrane Fuel Cell Electrodes with in 
situ Grown Pt Nanowires. Journal of Power Sources 2010, 195 (1), 289-292. 
 
34. Lu, Y. X.; Du, S. F.; Steinberger-Wilckens, R., Temperature-controlled growth of single-
crystal Pt nanowire arrays for high performance catalyst electrodes in polymer electrolyte fuel 
cells. Applied Catalysis B-Environmental 2015, 164, 389-395. 
 
35. Liang, H. W.; Cao, X. A.; Zhou, F.; Cui, C. H.; Zhang, W. J.; Yu, S. H., A Free-Standing Pt-
Nanowire Membrane as a Highly Stable Electrocatalyst for the Oxygen Reduction Reaction. 
Advanced Materials 2011, 23 (12), 1467-1471. 
 
36. Li, B.; Yan, Z. Y.; Higgins, D. C.; Yang, D. J.; Chen, Z. W.; Ma, J. X., Carbon-supported Pt 
nanowire as novel cathode catalysts for proton exchange membrane fuel cells. Journal of Power 




37. Lim, B.; Jiang, M. J.; Camargo, P. H. C.; Cho, E. C.; Tao, J.; Lu, X. M.; Zhu, Y. M.; Xia, Y. 
N., Pd-Pt Bimetallic Nanodendrites with High Activity for Oxygen Reduction. Science 2009, 324 
(5932), 1302-1305. 
 
38. Lee, W. H.; Kim, H., Electrocatalytic activity and durability study of carbon supported Pt 
nanodendrites in polymer electrolyte membrane fuel cells. International Journal of Hydrogen 
Energy 2013, 38 (17), 7126-7132. 
 
39. Li, B.; Higgins, D. C.; Xiao, Q. F.; Yang, D. J.; Zhng, C. M.; Cai, M.; Chen, Z. W.; Ma, J. 
X., The durability of carbon supported Pt nanowire as novel cathode catalyst for a 1.5 kW 
PEMFC stack. Applied Catalysis B-Environmental 2015, 162, 133-140. 
 
40. Alia, S. M.; Zhang, G.; Kisailus, D.; Li, D. S.; Gu, S.; Jensen, K.; Yan, Y. S., Porous 
Platinum Nanotubes for Oxygen Reduction and Methanol Oxidation Reactions. Advanced 
Functional Materials 2010, 20 (21), 3742-3746. 
 
41. Alia, S. M.; Jensen, K.; Contreras, C.; Garzon, F.; Pivovar, B.; Yan, Y. S., Platinum Coated 
Copper Nanowires and Platinum Nanotubes as Oxygen Reduction Electrocatalysts. Acs Catalysis 
2013, 3 (3), 358-362. 
 
42. Alia, S. M.; Ngo, C.; Shulda, S.; Ha, M.-A.; Dameron, A. A.; Weker, J. N.; Neyerlin, K. C.; 
Kocha, S. S.; Pylypenko, S.; Pivovar, B. S., Exceptional Oxygen Reduction Reaction Activity 
and Durability of Platinum–Nickel Nanowires through Synthesis and Post-Treatment 
Optimization. 2017. 
 
43. Wang, C.; Daimon, H.; Onodera, T.; Koda, T.; Sun, S. H., A general approach to the size- 
and shape-controlled synthesis of platinum nanoparticles and their catalytic reduction of oxygen. 
Angewandte Chemie-International Edition 2008, 47 (19), 3588-3591. 
 
44. Yu, T.; Kim, D. Y.; Zhang, H.; Xia, Y. N., Platinum Concave Nanocubes with High-Index 
Facets and Their Enhanced Activity for Oxygen Reduction Reaction. Angewandte Chemie-
International Edition 2011, 50 (12), 2773-2777. 
 
45. Leong, G. J.; Schulze, M. C.; Strand, M. B.; Maloney, D.; Frisco, S. L.; Dinh, H. N.; 
Pivovar, B.; Richards, R. M., Shape-directed platinum nanoparticle synthesis: nanoscale design 
of novel catalysts. Applied Organometallic Chemistry 2014, 28 (1), 1-17. 
 
46. Carpenter, M. K.; Moylan, T. E.; Kukreja, R. S.; Atwan, M. H.; Tessema, M. M., 
Solvothermal Synthesis of Platinum Alloy Nanoparticles for Oxygen Reduction Electrocatalysis. 
Journal of the American Chemical Society 2012, 134 (20), 8535-8542. 
 
47. Sakamoto, R.; Omichi, K.; Furuta, T.; Ichikawa, M., Effect of high oxygen reduction 
reaction activity of octahedral PtNi nanoparticle electrocatalysts on proton exchange membrane 




48. Lim, B. W.; Lu, X. M.; Jiang, M. J.; Camargo, P. H. C.; Cho, E. C.; Lee, E. P.; Xia, Y. N., 
Facile Synthesis of Highly Faceted Multioctahedral Pt Nanocrystals through Controlled 
Overgrowth. Nano Letters 2008, 8 (11), 4043-4047. 
 
49. Nie, Y.; Li, L.; Wei, Z. D., Recent advancements in Pt and Pt-free catalysts for oxygen 
reduction reaction. Chemical Society Reviews 2015, 44 (8), 2168-2201. 
 
50. Jukk, K.; Alexeyeva, N.; Ritslaid, P.; Kozlova, J.; Sammelselg, V.; Tammeveski, K., 
Electrochemical Reduction of Oxygen on Heat-Treated Pd Nanoparticle/Multi-Walled Carbon 
Nanotube Composites in Alkaline Solution. Electrocatalysis 2013, 4 (1), 42-48. 
 
51. Qiao, J. L.; Lin, R.; Li, B.; Ma, J. X.; Liu, J. S., Kinetics and electrocatalytic activity of 
nanostructured Ir-V/C for oxygen reduction reaction. Electrochimica Acta 2010, 55 (28), 8490-
8497. 
 
52. Zaikovskii, V. I.; Nagabhushana, K. S.; Kriventsov, V. V.; Loponov, K. N.; Cherepanova, S. 
V.; Kvon, R. I.; Bonnemann, H.; Kochubey, D. I.; Savinova, E. R., Synthesis and structural 
characterization of Se-modified carbon-supported ru nanoparticles for the oxygen reduction 
reaction. Journal of Physical Chemistry B 2006, 110 (13), 6881-6890. 
 
53. Zhou, R. F.; Qiao, S. Z., Silver/Nitrogen-Doped Graphene Interaction and Its Effect on 
Electrocatalytic Oxygen Reduction. Chemistry of Materials 2014, 26 (20), 5868-5873. 
 
54. Antolini, E., Iridium As Catalyst and Cocatalyst for Oxygen Evolution/Reduction in Acidic 
Polymer Electrolyte Membrane Electrolyzers and Fuel Cells. Acs Catalysis 2014, 4 (5), 1426-
1440. 
 
55. Alvarez, G. F.; Mamlouk, M.; Kumar, S. M. S.; Scott, K., Preparation and characterisation 
of carbon-supported palladium nanoparticles for oxygen reduction in low temperature PEM fuel 
cells. Journal of Applied Electrochemistry 2011, 41 (8), 925-937. 
 
56. Shao, M. H.; Huang, T.; Liu, P.; Zhang, J.; Sasaki, K.; Vukmirovic, M. B.; Adzic, R. R., 
Palladium monolayer and palladium alloy electrocatalysts for oxygen reduction. Langmuir 2006, 
22 (25), 10409-10415. 
 
57. Suo, Y. G.; Zhuang, L.; Lu, J. T., First-principles considerations in the design of Pd-alloy 
catalysts for oxygen reduction. Angewandte Chemie-International Edition 2007, 46 (16), 2862-
2864. 
 
58. Xiao, L.; Zhuang, L.; Liu, Y.; Lu, J. T.; Abruna, H. D., Activating Pd by Morphology 
Tailoring for Oxygen Reduction. Journal of the American Chemical Society 2009, 131 (2), 602-
608. 
 
59. Shao, M., Palladium-based electrocatalysts for hydrogen oxidation and oxygen reduction 




60. Shao, M. H.; Sasaki, K.; Adzic, R. R., Pd-Fe nanoparticles as electrocatalysts for oxygen 
reduction. Journal of the American Chemical Society 2006, 128 (11), 3526-3527. 
 
61. Savadogo, O.; Lee, K.; Oishi, K.; Mitsushima, S.; Kamiya, N.; Ota, K. I., New palladium 
alloys catalyst for the oxygen reduction reaction in an acid medium. Electrochemistry 
Communications 2004, 6 (2), 105-109. 
 
62. Tang, W. J.; Henkelman, G., Charge redistribution in core-shell nanoparticles to promote 
oxygen reduction. Journal of Chemical Physics 2009, 130 (19). 
 
63. Guo, S. J.; Zhang, X.; Zhu, W. L.; He, K.; Su, D.; Mendoza-Garcia, A.; Ho, S. F.; Lu, G.; 
Sun, S. H., Nanocatalyst Superior to Pt for Oxygen Reduction Reactions: The Case of Core/Shell 
Ag(Au)/CuPd Nanoparticles. Journal of the American Chemical Society 2014, 136 (42), 15026-
15033. 
 
64. Leong, G. J.; Ebnonnasir, A.; Schulze, M. C.; Strand, M. B.; Ngo, C.; Maloney, D.; Frisco, 
S. L.; Dinh, H. N.; Pivovar, B.; Gilmer, G. H.; Kodambaka, S.; Ciobanu, C. V.; Richards, R. M., 
Shape-directional growth of Pt and Pd nanoparticles. Nanoscale 2014, 6 (19), 11364-11371. 
 
65. Kondo, S.; Nakamura, M.; Maki, N.; Hoshi, N., Active Sites for the Oxygen Reduction 
Reaction on the Low and High Index Planes of Palladium. Journal of Physical Chemistry C 
2009, 113 (29), 12625-12628. 
 
66. Shao, M. H.; Yu, T.; Odell, J. H.; Jin, M. S.; Xia, Y. N., Structural dependence of oxygen 
reduction reaction on palladium nanocrystals. Chemical Communications 2011, 47 (23), 6566-
6568. 
 
67. Wagner, F. T.; Lakshmanan, B.; Mathias, M. F., Electrochemistry and the Future of the 
Automobile. Journal of Physical Chemistry Letters 2010, 1 (14), 2204-2219. 
 
68. Wang, M. Q.; Yang, W. H.; Wang, H. H.; Chen, C.; Zhou, Z. Y.; Sun, S. G., Pyrolyzed Fe-
N-C Composite as an Efficient Non-precious Metal Catalyst for Oxygen Reduction Reaction in 
Acidic Medium. Acs Catalysis 2014, 4 (11), 3928-3936. 
69. Wu, G.; Zelenay, P., Nanostructured Nonprecious Metal Catalysts for Oxygen Reduction 
Reaction. Accounts of Chemical Research 2013, 46 (8), 1878-1889. 
 
70. Othman, R.; Dicks, A. L.; Zhu, Z. H., Non precious metal catalysts for the PEM fuel cell 
cathode. International Journal of Hydrogen Energy 2012, 37 (1), 357-372. 
 
71. Erni, R.; Rossell, M. D.; Kisielowski, C.; Dahmen, U., Atomic-Resolution Imaging with a 
Sub-50-pm Electron Probe. Physical Review Letters 2009, 102 (9). 
 
72. van der Vliet, D. F.; Wang, C.; Tripkovic, D.; Strmcnik, D.; Zhang, X. F.; Debe, M. K.; 
Atanasoski, R. T.; Markovic, N. M.; Stamenkovic, V. R., Mesostructured thin films as 





73. Thandavarayan Maiyalagan (Editor), V. S. S. E., Electrocatalysts for Low Temperature Fuel 
Cells: Fundamentals and Recent Trends. 2017; p 616. 
 
74. Guilminot, E.; Corcella, A.; Chatenet, M.; Maillard, F.; Charlot, F.; Berthome, G.; Iojoiu, 
C.; Sanchez, J. Y.; Rossinot, E.; Claude, E., Membrane and active layer degradation upon 
PEMFC steady-state operation - I. Platinum dissolution and redistribution within the MEA. 
Journal of the Electrochemical Society 2007, 154 (11), B1106-B1114. 
 
75. Briggs, D.; Scah, M. P., Practical Surface Analysis, Auger and X-ray Photoelectron 
Spectroscopy. 2 ed.; John Wiley & Sons, Ltd.: 1990. 
 
76. Zalineeva, A.; Serov, A.; Padilla, M.; Martinez, U.; Artyushkova, K.; Baranton, S.; 
Coutanceau, C.; Atanassov, P. B., Self-Supported PdxBi Catalysts for the Electrooxidation of 
Glycerol in Alkaline Media. Journal of the American Chemical Society 2014, 136 (10), 3937-
3945. 
 
77. Wu, G.; Johnston, C. M.; Mack, N. H.; Artyushkova, K.; Ferrandon, M.; Nelson, M.; 
Lezama-Pacheco, J. S.; Conradson, S. D.; More, K. L.; Myers, D. J.; Zelenay, P., Synthesis-
structure-performance correlation for polyaniline-Me-C non-precious metal cathode catalysts for 
oxygen reduction in fuel cells. Journal of Materials Chemistry 2011, 21 (30), 11392-11405. 
 
78. Calvin, S., XAFS for Everyone. Taylor and Francis Group: 6000 Broken Sound Parkway, 
NW, Suite 300 Boca Raton, FL 33487-2742 2013; p 427. 
79. Wang, D. Y.; Chen, C. H.; Yen, H. C.; Lin, Y. L.; Huang, P. Y.; Hwang, B. J.; Chen, C. C., 
Chemical transformation from FePt to Fe1-xPtMx (M = Ru, Ni, Sn) nanocrystals by a cation 
redox reaction: X-ray absorption spectroscopic studies. Journal of the American Chemical 
Society 2007, 129 (6), 1538-+. 
 
80. Friebel, D.; Miller, D. J.; O'Grady, C. P.; Anniyev, T.; Bargar, J.; Bergmann, U.; 
Ogasawara, H.; Wikfeldt, K. T.; Pettersson, L. G. M.; Nilsson, A., In situ X-ray probing reveals 
fingerprints of surface platinum oxide. Physical Chemistry Chemical Physics 2011, 13 (1), 262-
266. 
 
81. Pylypenko, S.; Olson, T. S.; Carroll, N. J.; Petsev, D. N.; Atanassov, P., Templated 
Platinum/Carbon Oxygen Reduction Fuel Cell Electrocatalysts. Journal of Physical Chemistry C 
2010, 114 (9), 4200-4207. 
 
82. Grosvenor, A. P.; Biesinger, M. C.; Smart, R. S.; McIntyre, N. S., New interpretations of 
XPS spectra of nickel metal and oxides. Surface Science 2006, 600 (9), 1771-1779. 
83. Biesinger, M. C.; Payne, B. P.; Grosvenor, A. P.; Lau, L. W. M.; Gerson, A. R.; Smart, R. 
S., Resolving surface chemical states in XPS analysis of first row transition metals, oxides and 




84. Biesinger, M. C.; Payne, B. P.; Lau, L. W. M.; Gerson, A.; Smart, R. S. C., X-ray 
photoelectron spectroscopic chemical state quantification of mixed nickel metal, oxide and 
hydroxide systems. Surface and Interface Analysis 2009, 41 (4), 324-332. 
 
85. Materials Project :: About. https://materialsproject.org/about. 
 
86. Macauley, N.; Mukundan, R.; Langlois, D. A.; Neyerlin, K. C.; Kocha, S. S.; More, K. L.; 
Odgaard, M.; Borup, R. L., Durability of PtCo/C Cathode Catalyst Layers Subjected to 
Accelerated Stress Testing. 2016. 
 
87. Alia, S. M.; Pylypenko, S.; Dameron, A.; Neyerlin, K. C.; Kocha, S. S.; Pivovar, B. S., 
Oxidation of Platinum Nickel Nanowires to Improve Durability of Oxygen-Reducing 
Electrocatalysts. Journal of the Electrochemical Society 2016, 163 (3), F296-F301. 
 
88. Papageorgopoulos, D. 
https://www.hydrogen.energy.gov/pdfs/review14/fc000_papageorgopoulos_2014_o.pdf. 
 
89. Lu, Y. X.; Du, S. F.; Steinberger-Wilckens, R., Three-dimensional catalyst electrodes based 
on PtPd nanodendrites for oxygen reduction reaction in PEFC applications. Applied Catalysis B-
Environmental 2016, 187, 108-114. 
 
90. Du, S. F.; Lin, K. J.; Malladi, S. K.; Lu, Y. X.; Sun, S. H.; Xu, Q.; Steinberger-Wilckens, R.; 
Dong, H. S., Plasma nitriding induced growth of Pt-nanowire arrays as high performance 
electrocatalysts for fuel cells. Scientific Reports 2014, 4. 
 
91. Kongkanand, A.; Dioguardi, M.; Ji, C. X.; Thompson, E. L., Improving Operational 
Robustness of NSTF Electrodes in PEM Fuel Cells. Journal of the Electrochemical Society 
2012, 159 (8), F405-F411. 
 
92. Snyder, J.; McCue, I.; Livi, K.; Erlebacher, J., Structure/Processing/Properties Relationships 
in Nanoporous Nanoparticles As Applied to Catalysis of the Cathodic Oxygen Reduction 
Reaction. Journal of the American Chemical Society 2012, 134 (20), 8633-8645. 
 
93. Chen, S.; Gasteiger, H. A.; Hayakawa, K.; Tada, T.; Shao-Horn, Y., Platinum-Alloy 
Cathode Catalyst Degradation in Proton Exchange Membrane Fuel Cells: Nanometer-Scale 
Compositional and Morphological Changes. Journal of the Electrochemical Society 2010, 157 
(1), A82-A97. 
 
94. Oezaslan, M.; Hasche, F.; Strasser, P., Pt-Based Core-Shell Catalyst Architectures for 
Oxygen Fuel Cell Electrodes. Journal of Physical Chemistry Letters 2013, 4 (19), 3273-3291. 
 
95. Cullen, D. A.; Lopez-Haro, M.; Bayle-Guillemaud, P.; Guetaz, L.; Debe, M. K.; Steinbach, 
A. J., Linking morphology with activity through the lifetime of pretreated PtNi nanostructured 




96. Colon-Mercado, H. R.; Popov, B. N., Stability of platinum based alloy cathode catalysts in 
PEM fuel cells. Journal of Power Sources 2006, 155 (2), 253-263. 
97. Han, B. H.; Carlton, C. E.; Kongkanand, A.; Kukreja, R. S.; Theobald, B. R.; Gan, L.; 
O'Malley, R.; Strasser, P.; Wagner, F. T.; Shao-Horn, Y., Record activity and stability of 
dealloyed bimetallic catalysts for proton exchange membrane fuel cells. Energy & 
Environmental Science 2015, 8 (1), 258-266. 
 
98. Du, S. F.; Pollee, B. G., Catalyst loading for Pt-nanowire thin film electrodes in PEFCs. 
International Journal of Hydrogen Energy 2012, 37 (23), 17892-17898. 
 
99. Su, K. H.; Sui, S.; Yao, X. Y.; Wei, Z. X.; Zhang, J. L.; Du, S. F., Controlling Pt loading and 
carbon matrix thickness for a high performance Pt-nanowire catalyst layer in PEMFCs. 
International Journal of Hydrogen Energy 2014, 39 (7), 3397-3403. 
 
100. Wei, Z. X.; Su, K. H.; Sui, S.; He, A.; Du, S. F., High performance polymer electrolyte 
membrane fuel cells (PEMFCs) with gradient Pt nanowire cathodes prepared by decal transfer 
method. International Journal of Hydrogen Energy 2015, 40 (7), 3068-3074. 
 
101. Saida, T.; Sekizawa, O.; Ishiguro, N.; Hoshino, M.; Uesugi, K.; Uruga, T.; Ohkoshi, S.; 
Yokoyama, T.; Tada, M., 4D Visualization of a Cathode Catalyst Layer in a Polymer Electrolyte 
Fuel Cell by 3D Laminography-XAFS. Angewandte Chemie-International Edition 2012, 51 (41), 
10311-10314. 
 
102. More, K. Fuel Cell Materials: Characterization and Materials Development. 
https://www.hydrogen.energy.gov/annual_review16_fuelcells.html. 
 
103. George, M. G.; Wang, J.; Banerjee, R.; Bazylak, A., Composition analysis of a polymer 
electrolyte membrane fuel cell microporous layer using scanning transmission X-ray microscopy 
and near edge X-ray absorption fine structure analysis. Journal of Power Sources 2016, 309, 
254-259. 
 
104. Berejnov, V.; Martin, Z.; West, M.; Kundu, S.; Bessarabov, D.; Stumper, J.; Susac, D.; 
Hitchcock, A. P., Probing platinum degradation in polymer electrolyte membrane fuel cells by 
synchrotron X-ray microscopy. Physical Chemistry Chemical Physics 2012, 14 (14), 4835-4843. 
 
105. Hitchcock, A. P.; Berejnov, V.; Lee, V.; West, M.; Colbow, V.; Dutta, M.; Wessel, S., 
Carbon corrosion of proton exchange membrane fuel cell catalyst layers studied by scanning 
transmission X-ray microscopy. Journal of Power Sources 2014, 266, 66-78. 
 
106. Bozzini, B.; Gianoncelli, A.; Kaulich, B.; Mele, C.; Prasciolu, M.; Kiskinova, M., In Situ 
Soft X-ray Microscopy Study of Fe Interconnect Corrosion in Ionic Liquid-Based Nano-PEMFC 
Half-Cells. Fuel Cells 2013, 13 (2), 196-202. 
 
107. Kennouche, D.; Chen-Wiegart, Y. C. K.; Riscoe, C.; Wang, J.; Barnett, S. A., Combined 
electrochemical and X-ray tomography study of the high temperature evolution of Nickel - Yttria 




108. Chen-Wiegart, Y. C. K.; Cronin, J. S.; Yuan, Q. X.; Yakal-Kremski, K. J.; Barnett, S. A.; 
Wang, J., 3D Non-destructive morphological analysis of a solid oxide fuel cell anode using full-
field X-ray nano-tomography. Journal of Power Sources 2012, 218, 348-351. 
 
109. Harris, W. M.; Lombardo, J. J.; Nelson, G. J.; Lai, B.; Wang, S.; Vila-Comamala, J.; Liu, M. 
F.; Liu, M. L.; Chiu, W. K. S., Three-Dimensional Microstructural Imaging of Sulfur Poisoning-
Induced  
Degradation in a Ni-YSZ Anode of Solid Oxide Fuel Cells. Scientific Reports 2014, 4, 7. 
 
110. Andrews, J. C.; Weckhuysen, B. M., Hard X-ray Spectroscopic Nano-Imaging of 
Hierarchical Functional Materials at Work. Chemphyschem 2013, 14 (16), 3655-3666. 
 
111. Andrews, J. C.; Meirer, F.; Liu, Y. J.; Mester, Z.; Pianetta, P., Transmission X-Ray 
Microscopy for Full-Field Nano Imaging of Biomaterials. Microscopy Research and Technique 
2011, 74 (7), 671-681. 
 
112. Liu, Y. J.; Meirer, F.; Williams, P. A.; Wang, J. Y.; Andrews, J. C.; Pianetta, P., TXM-
Wizard: a program for advanced data collection and evaluation in full-field transmission X-ray 
microscopy. Journal of Synchrotron Radiation 2012, 19, 281-287. 
 
113. Martin del Campo, J. S.; Rollin, J.; Myung, S.; Chun, Y.; Chandrayan, S.; Patino, R.; 
Adams, M. W. W.; Zhang, Y. H. P., High-Yield Production of Dihydrogen from Xylose by 
Using a Synthetic Enzyme Cascade in a Cell-Free System. Angewandte Chemie-International 
Edition 2013, 52 (17), 4587-4590. 
 
114. Carmo, M.; Fritz, D. L.; Merge, J.; Stolten, D., A comprehensive review on PEM water 
electrolysis. International Journal of Hydrogen Energy 2013, 38 (12), 4901-4934. 
 
115. Hydrogen Production: Electrolysis. https://energy.gov/eere/fuelcells/hydrogen-production-
electrolysis. 
 
116. Holladay, J. D.; Hu, J.; King, D. L.; Wang, Y., An overview of hydrogen production 
technologies. Catalysis Today 2009, 139 (4), 244-260. 
 
117. Sapountzi, F. M.; Gracia, J. M.; Weststrate, C. J.; Fredriksson, H. O. A.; Niemantsverdriet, 
J. W., Electrocatalysts for the generation of hydrogen, oxygen and synthesis gas. Progress in 
Energy and Combustion Science 2017, 58, 1-35. 
 
118. Reier, T.; Pawolek, Z.; Cherevko, S.; Bruns, M.; Jones, T.; Teschner, D.; Selve, S.; 
Bergmann, A.; Nong, H. N.; Schlogl, R.; Mayrhofer, K. J. J.; Strasser, P., Molecular Insight in 
Structure and Activity of Highly Efficient, Low-Ir Ir-Ni Oxide Catalysts for Electrochemical 




119. Marshall, A.; Borresen, B.; Hagen, G.; Tsypkin, M.; Tunold, R., Preparation and 
characterisation of nanocrystalline IrxSn1-xO2 electrocatalytic powders. Materials Chemistry 
and Physics 2005, 94 (2-3), 226-232. 
 
120. Trasatti, S., PHYSICAL ELECTROCHEMISTRY OF CERAMIC OXIDES. Electrochimica 
Acta 1991, 36 (2), 225-241. 
 
121. Marshall, A.; Tsypkin, M.; Borresen, B.; Hagen, G.; Tunold, R., Nanocrystalline IrxSn(1-
x)O2 electrocatalysts for oxygen evolution in water electrolysis with polymer electrolyte - Effect 
of heat treatment. Journal of New Materials for Electrochemical Systems 2004, 7 (3), 197-204. 
 
122. Pfeifer, V.; Jones, T. E.; Velez, J. J. V.; Arrigo, R.; Piccinin, S.; Havecker, M.; Knop-
Gericke, A.; Schlogl, R., In situ observation of reactive oxygen species forming on oxygen-
evolving iridium surfaces. Chemical Science 2017, 8 (3), 2143-2149. 
 
123. Man, I. C.; Su, H. Y.; Calle-Vallejo, F.; Hansen, H. A.; Martinez, J. I.; Inoglu, N. G.; 
Kitchin, J.; Jaramillo, T. F.; Norskov, J. K.; Rossmeisl, J., Universality in Oxygen Evolution 
Electrocatalysis on Oxide Surfaces. Chemcatchem 2011, 3 (7), 1159-1165. 
124. Nong, H. N.; Oh, H. S.; Reier, T.; Willinger, E.; Willinger, M. G.; Petkov, V.; Teschner, D.; 
Strasser, P., Oxide-Supported IrNiOx Core-Shell Particles as Efficient, Cost-Effective, and 
Stable Catalysts for Electrochemical Water Splitting. Angewandte Chemie-International Edition 
2015, 54 (10), 2975-2979. 
 
125. Papaderakis, A.; Pliatsikas, N.; Prochaska, C.; Vourlias, G.; Patsalas, P.; Tsiplakides, D.; 
Balomenou, S.; Sotiropoulos, S., Oxygen Evolution at IrO2 Shell-Ir-Ni Core Electrodes Prepared 
by Galvanic Replacement. Journal of Physical Chemistry C 2016, 120 (36), 19995-20005. 
 
126. Hui, X. High-Performance, Long-Lifetime Catalysts for Proton Exchange Membrane 
Electrolysis. https://www.hydrogen.energy.gov/pdfs/review14/pd103_xu_2014_o.pdf. 
127. Zhao, C. X.; Yu, H. T.; Li, Y. C.; Li, X. H.; Ding, L.; Fan, L. Z., Electrochemical controlled 
synthesis and characterization of well-aligned IrO2 nanotube arrays with enhanced 
electrocatalytic activity toward oxygen evolution reaction. Journal of Electroanalytical 
Chemistry 2013, 688, 269-274. 
 
128. Lee, W. H.; Kim, H., Oxidized iridium nanodendrites as catalysts for oxygen evolution 
reactions. Catalysis Communications 2011, 12 (6), 408-411. 
 
129. Kotz, R.; Neff, H.; Stucki, S., ANODIC IRIDIUM OXIDE-FILMS - XPS-STUDIES OF 
OXIDATION-STATE CHANGES AND O-2-EVOLUTION. Journal of the Electrochemical 
Society 1984, 131 (1), 72-77. 
 
130. Geiger, S.; Kasian, O.; Shrestha, B. R.; Mingers, A. M.; Mayrhofer, K. J. J.; Cherevko, S., 
Activity and Stability of Electrochemically and Thermally Treated Iridium for the Oxygen 




131. Hall, H. Y.; Sherwood, P. M. A., X-RAY PHOTOELECTRON SPECTROSCOPIC 
STUDIES OF THE IRIDIUM ELECTRODE SYSTEM. Journal of the Chemical Society-
Faraday Transactions I 1984, 80, 135-152. 
 
132. Augustynski, J.; Koudelka, M.; Sanchez, J.; Conway, B. E., ESCA STUDY OF THE 
STATE OF IRIDIUM AND OXYGEN IN ELECTROCHEMICALLY AND THERMALLY 
FORMED IRIDIUM  
OXIDE-FILMS. Journal of Electroanalytical Chemistry 1984, 160 (1-2), 233-248. 
 
133. Casalongue, H. G. S.; Ng, M. L.; Kaya, S.; Friebel, D.; Ogasawara, H.; Nilsson, A., In Situ 
Observation of Surface Species on Iridium Oxide Nanoparticles during the Oxygen Evolution 
Reaction. Angewandte Chemie-International Edition 2014, 53 (28), 7169-7172. 
 
134. Pfeifer, V.; Jones, T. E.; Velez, J. J. V.; Massue, C.; Arrigo, R.; Teschner, D.; Girgsdies, F.; 
Scherzer, M.; Greiner, M. T.; Allan, J.; Hashagen, M.; Weinberg, G.; Piccinin, S.; Havecker, M.; 
Knop-Gericke, A.; Schlogl, R., The electronic structure of iridium and its oxides. Surface and 
Interface Analysis 2016, 48 (5), 261-273. 
 
135. Yamada, Y.; Yano, K.; Xu, Q. A.; Fukuzumi, S., Cu/Co3O4 Nanoparticles as Catalysts for 
Hydrogen Evolution from Ammonia Borane by Hydrolysis. Journal of Physical Chemistry C 





APPENDIX A  
METHODS 
 
X-Ray Absorption Spectroscopy (XANES and EXAFS) 
XAS data (EXAFS and XANES) was collected at the Stanford Radiation Lightsource beam line 
4-1 at the Pt L3 edge using a 32-element Ge array fluorescence detector.  A Si(220) crystal was 
used as that has minimal glithces in the Pt energy providing clean k-range data for Pt from the 
pre-edge to 13.07 (Å-1). Beam-line 4-1 uses two crystals that they can be misaligned, or detuned, 
to remove harmonics. They were detuned 30% for Pt data collection. A Zn filter was used to 
remove scatter peaks (eleastic and compton) and Ni fluorescence. Sollar slits were used to 
mitigate fluroescence from the filter.  Samples were mounted on kapton tape. Powdwes were 
spread as uniformly as possible in a small window made with kapton tape then a covered with 
another piece of kapton tape. Electrodes were directly placed on a single layer of Kapton tape. A  
Pt foil reference was collected in transmittance mode simultaneously with all samples. Three 
scans were averaged for each sample. 
 
X-Ray Photoelectron Spectroscopy 
XPS data was acquired on a Kratos Axis Ultra X-ray photoelectron spectrometer with a 
monochromatic Al Kα source operated at 300 W. CasaXPS software was used for data analysis 
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